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(Science Reports of the Yokohama National University, Sec. I, No. 5, 1956) 


On n-dimensional projectively flat spaces admitting 


a group of affine motions of order r= n’—n+1. 


By 
Yosio MUTO 


Introduction 


In a previous paper [4] the present author obtained the 

Turorrm A. A necessary and sufficient condition that a curved projectively 
flat n-dimensional manifold Ay with symmetric affine connection admit a 
complete group of affine motions G; of order r>n’—n is that the curvature 
affinor belong to one of the following three types T1, T2 and T3, where the 
vectors satisfy the adjunct equations. Such connections and the groups really 
exist. 


The curvature affinor 
Mets Rw = GA, (8; A. = A 
a= 4T, A, 0, 
C2).°72: Rome = GA,(Si Aa— Ay) 
+2 82 (A, Bu —Aw By +8) (Ay Bu —A By ) 
OS (Au By, —A, Bu PD 
a= +1, A, and B, are linearly independent, 


(3) T3: Reuvwe=aAu(& A. —83 Ay )+5Be (8) Bo —83 By), 
a, b= +1, A, and B, are linearly independent. 


The adjunct equations 


for T1 

(4) : Ausv = aA, Ay, 

(5) A,v=f(@)As, 

for T2 

(6) Au;v = (2a Ay Ay + Ap B, —Ay Bu) 
or +ay Ay Bu—y BB, 


1) Numbers in brackets refer to the references at the end of the paper. 
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C7) Cusv—Cu 3p = @YLALC, — A, CL) 
+27( Bu Cy —By, Cu )+a (Au By, — Ay Bi ), 


(8) ay’? = —1, 
for T3 
(9) ni 
Be cy — Ag Gy ’ 
(10) Cyu;sv—Cy;. = a (Ay By —Ay By ). 
The groups 
for T1 
(11) AK Ag= OU uke ==, 
r=n?, transitive, if a is constant, 
y=n—1, intransitive, if a is not constant, 
for T2 
(12) XA,=0, XBs=BA,, 
r=n—n-+l1, transitive, 
for T3 
Gls) XA,=—abBB,, XBu= BA 


r=n—n-+l1, transitive. 
In these equations the curvature affinor Row. is given by 


(14) Rowse = PE een EO + ry. = ies ine 
and X is the symbol of the Lie derivative, hence 


(15) Ah = ta vt &% "hve ard ay EA, ot Dey £°, atl ek, ,y 
for the connection parameters I”), ‘and 
(16) XT hn EOD oT be HTN ES he 


for an affinor 7}:, the semicolon denoting the covariant derivative. 
consider that the connection is without torsion, we have 


(17) ER SE 3 


As we 


. 
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and, a group of affine motions being a group generated by infinitesimal 
transformations with the vectors &* satisfying 


(18) Pe 
we have [5] 
(19) Et; = — Rave E*, 


The spaces of type T1 stated in this theorem were studied by I.P. Egorov 
and also by the present author [2, 3, 4]. Hence we study the spaces of type 
T2 and type T3 in the present paper. 


21. The spaces of type T2. 


For the spaces of type T2 we have (6), (7) and (8). But we find from 
(2) that the vector B, is not uniquely determined, a transformation of the 
form 


~ 


(20) ace 
B, = B,+2A, 


being admitted without changing the second member of (2). Then, as we get 


Bass = BuzvtAAp;v+A, y Ap 
= A, (Cy +ayrAAy—yMAy+2yrnB, +A, y)+ayvyA,B.—YBuB,, 


we see that we must put 
(21) Cu = Ci +A, pt CaYA+-YR2) Ay +2YAB,, 


~ 


in order to have (6) for the new vectors Au, Bit Gas 
Then we get 


(22) C, = ayB, 
if we take a solution x of a system of partial differential equations 
(23) nr; UE —C,—Yr7A, + Cay—2 yr) Bu, 


which is integrable. 
Hereafter the vectors As B,, thus obtained will be simply denoted by A,, 
B,. Then we get 
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(24) fies y= 2ayAu Ay+Y7 (A, B,—Ay Bu pf 


Bu;y = ay (Ap By+ Ay B,)—vB, B,. 


We find that these equations are valid when A,,B,,y are replaced with 
—A,, —B,, —y. As the second member of (2) is not changed then, we find 
that the same connection is admitted for the two roots of y in (8). The 
connection satisfying (2) and (24) being uniquely determined by giving @ 
and y, a real space of type T2 admitting a group of affine motions of order 
y= nv2—n+1 is nothing but the space found by Egorov [1] 


& [I= By ie 
WHR, Y= ニー£, Ys= =n = 0. 


It seems then that there is nothing to do with this space. But we shall 
derive the connection (25) by treating (24). 

At first we find that B, is a gradient and put 
(26) Bu = gw. 
Then e-2'% A, is also a gradient, and we can put 


(27) Ay = e% fu. 


Now, the space being projectively flat, we can take a coordinate system 
such that 


(28) py = —8 Wy —83 Yu, 


Then we get from (24) 


(29) finv= Pub, vtPvh, u 
where 
(30) © Pu= —Wu—2, ubaye’ fu, 


Again, if we put 


(31) k= e778, 
we get 
(32) hii, v= pul, vtPpy hi 


ee a 
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The vectors Ay, B, being linearly independent, f and h are independent 
functions. As the equations (29) and (32) show that the system of partial 
differential equations 


Aye ya PuX, v+ Py XG, 


admits at least two solutions X=f and X= h, we find that we must have 


(33) Pus v—Pu Pv = 9, 
hence 
(34) p= —log(Kix¢+K}). 


Therefore we get 


(35) f= —(K2x' +) / Kix +K), 
ty = —CKS 4% +R) I cae x°-+K1), 


If we effect a coordinate transformation 


(36) aM = CK} x*+-K*) / (Kb x%+K%), 


with 


XY = (Khx*+K)) / (Kbxt+K%), 
9! = (Ke x 4K) / (Ko x*+K0) 


naturally, we find 
(37) xy = —eé, x?! = f ev, 
hence from (26) and (27) 


Ay =x", Ay=—x, Ay ッ y= =Ay =0, 
By= 1/49!) Ba = By =" =—"By = 0. 


is changed, while the form of (28) is not changed by the transformation (36). 
This shows that, if we take a suitable coordinate system, we have, 
besides (28), 


A = He A, = —x, Ag" =A, 0, 
(38) : 4 


By = 1774, B.=B3=:-:=Bni =), 


and moreover 
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g=(1/y) log (—#), f= —2x/x, 


by virtue of (37). : 

Patting w= a(=3, --, 2), v=1 in (29), we get pa=0, hence a=0 
from (30). Putting w=v—=2, we get W2=—ay., and, putting »= 1, »=2, 
we get Ww, = ayx. Hence we get 


(39) Wi =ayx, Wo=—ayn, W3=-- =n =0. 


As we have a= —1 for the real space, we have the connection of Egorov 
by taking the root y=-—1. Thus we get the 

THEOREM 1. A necessary and sufficient condition that a projectively flat 
manifold Ayn, n>3, with symmetric affine connection and with asymmetric 
Ricci tensor admit a group of affine motions of order r=n’?’—n-+1 is that the 
connection parameters satisfy 


= Oy, 
vy, =ayxr?, 2= —aye, v3 = +: =n = 0 
with 


ay=—l, a=+1 


in some coordinate system. As regards the real space we can consider that 


In the following this space is denoted by Rl. 

It seems as if we can consider only the region x! <0 because of g= (1/7) 
log (—x!). Besides, (38) shows that the points x! = 0 are singular points. But 
these are not singular points of the space and a point with »1<0 is taken 


into a point with x«}=0 or «'>0 by a transformation of the group under 
consideration. As we get 


Ry = (u—1) (#2)?2, 

Ry = n+1—(Cn—1) #1 #2, 
Ro, = —n—1—(n—1) 2 22, 
R22 = (n—1) (x1)? 


from (25), hence A, = 0 for 
(40) n= R= 


the points with (40) are singular points in the sense that the formula (2) 
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does not hold good. We shall find in 25 that (40) is invariant by the trans- 


formation of the group, and it is not unreasonable to remove such points 
from R1. 


@2. The space of type T3 with a—b=1. 


For T3 we have (9) and (10). Inthe case of a= b=1 the second member 
of (3) is an invariant of the transformations 


Au = cos 0 A, +sin 6 B,, 
B, = —sin 6 A, +cos 6 B,, 


and we get 

Cees Gola 
by replacing A,, Bu, Cs with Ab Bu, Cy If @ is a solution of 
(41) 6,4 = C, —A, cos 6—B, sin 6, 


we get C, = A (41) is easily found to be completely integrable. Con- 
sequently we can regard A,, Bs as satisfying 


Au; y= —By Ay, 


(42) { 
Buy = Ap Ay 


instead of (9), (10). 
As we find from (42) that B, isa gradient, we put B, =g,,. Then e-@ A, 
is also a gradient and we have 


= @& 
(43) (a é Fv, 


Bu= 8, 
If we take a coordinate system such that 
(44) Phy = —8% Wy —8 Vy, 


we get from (42) 


(45) : fo = Ve Ew, vt(—W =; vy; By 
8 wv = —Wid, v—W &; ute f, ut; v- 


If we put . 
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Pi = hi Brus 
h=e-*8+f2, 


(45) becomes 


ttc Pel, vtPuS,a, 
Re = pu h, ッ 十 py Ie, w. 


As f,, and h,, are linearly independent, we get 
(46) p= —log (Ka x*+K}), 


a 0 
(47) 4 = (Kext+ K) / (Kext+K)), 


h= (Ke x*+K®) /(K3x*+K)). 
If we effect a coordinate transformation of the form 
aN = (CRI ILE) / (Kex%+K), © 


we get x” =1/f, x’=h/f. Hence, if the new coordinates thus obtained are 
simply denoted by x*, we get 


(48) Half, P=h/f; Hin, g=loga—F log (a #1) 
and 

A= — sae Az,=--=An=0, 
ts B= Cae Ty B= — aT 


63 == --. = B;, = 0. 


(44) remains valid and we obtain from (45) 


nt] ww + xl 
(50) Rs ee 2(x! #—1) ’ Yo et 2(x1 #—1) ’ 


3 = ee =a, = (h 
In the real space the coordinates must satisfy 
(51) x —1> 0. 


Thus we get the 
THEOREM 2. A necessary and sufficient condition that a brojectively flat 


ee 
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manifold An, n=3, with symmetric affine connection and with symmetric 
Ricci tensor which is non-positive admit a complete group of affine motions 


of order r = n2—n-+1 is that the connection parameters satisfy 


ee Os 8 Y, y—8} Y, Hs 
= + log (x1 #2—1) 


in some coordinate system. In the real space the coordinates must satisfy 


x #—1> 0. 
Such space will be denoted by R2. 


@3. The space of type T3 with a= b= —1. 


In the case of a = 6 = —1 we find from (9), (10) that the system of partial 


differential equations 
i * 
= =—2( pP==p7e)( == i 
(52) Oy a Gye 5 (e8—e-®)(—Axsin «+B,cos @) 
C= = > (e®+e-8)(A, cos a+B, sin a) 
is completely integrable. Then, if we put 


Ay = —Ausina+B,cos a, 


Bis= A,cosa+B,sin a, 
GC = Ch +a, My 


we find that we can replace A,, Bu, Cy by As. Be Ge in (3), (9), 10). 


= (1/2) (e®—e-8) A,, we get 
Ay; y = — oo (e—e-®)B, Ay, 
mS => (e®—e-P) A, Ay, 
1 


8, Ye ee me B+e-8) By, 


As on 


We can think that we had such vectors Ai, Bu as the vectors Ay, By 


from the beginning. Then we get 
Ab; v = > (e®—e-8 ) Bu Ay, 
(53) Busy =p (C6) Ag As, 


| Byv=— - (e+e?) By, 


10 Y. Muto 

As B, is a gradient, we can put B, = g,,and get 
(54) e® = —tan (g/2). 
Then, as A, / sing becomes a gradient, we can put 


(55) ts = COSEC ZA, 
Su = Bu. 


Taking a coordinate system such that 


Div = Bis —8 Yu 
we get 


(56) Cs ie (—Yy —(cot £) Ek WS, vt(—h —(cot g) & vw) Son 
Es v= —Wu Sv — Wr 2 +8in gcos gf, uf 


Now, let us try to find the functions X (f, g) of f, g such that 
(57) X, wy v = TeX, vt Ty Xi us 
where 7, have the form 
(58) Tu = iA fu Sip 
Then we find that X=F and X=G where 

F=tanf, G=secfcot g 
are two independent solutions of (57) if we put 
rX = —tanf, “= cot g. 
Hence 7, must satisfy 
T= Ty, T= —log(K3x*+K?), 
and we get 


F= (Kh x¢+K!) / (Kix*+K°, 
G = (K2°+K?) / (K9x*+K), 


Effecting a coordinate transformation 


S| . 
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aM = (KG x 4+) EER RE, 


we get 

Pl cami x2’ = sec f cot g. 
Hence we can think that we have 
(59) e@=tanf, #=secfcotg 


and consequently 


1 = 
f= Type f= =hn=0, 
xx? 
(60) . bin ia A+ (91)2)¥2 (14-41)? +-(47)2)’ 
(1+ wh )2)1/2 es te ey 
We get also 
x 
eS ba GG 
hence 
x Te x 
(61) Ne ~ 142+??? Ck LD (2)? 


from (58) or (56). As for the vectors Ay, By, we find 


At =" G4 Ghar CGD ; 
Az = = An =0, 
lL 2 
(62) B= GG (4 GREG” 
C1-+ CA? 
Bo= — F(R 
Bs = = By =. 


Thus we get the a ae 
THEOREM 3. A necessary and sufficient condition that a projectively flat 


manifold An, n= 3, with symmetric affine connection and with symmetric Ricct 
tensor which is non-negative admit a complete group of affine motions of 
order r=n’—n-+1 is that the connection parameters satisfy 
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ry = — Siwy —8} Vu, Vu= Vu» 
(63) { 


y= + log (1+ C41)?-+-(47)2) 
in some coordinate system. 
Such space will be denoted by R3. 


If complex numbers are admitted, this theorem can easily be derived 
from Theorem 2 by a transformation of the form 


w= 2410, u2= —x1+472%2. 


24, The space of type T3 with a=—1, b=1. 
This space is obtained by replacing the first equation of (49) by 


1 


A, hae x(L—aly2) v2 4 


(50) remains unchanged, but in the real space the coordinates must satisfy 
x x1 < 0. 


Thus we get the 

THEOREM 4. A necessary and sufficient condition that a projectively flat 
manifold An, n= 3, with symmetric affine connection and with symmetric 
Ricci tensor which is indefinite admit a complete group of affine motions of 
order r= n’—n-+1 its that the connection parameters satisfy 


am = —a yy, —8} Wu, Vu = Wu, 
Ak a + log (1—+#! x) 


in some coordinate system. 
Such space will be denoted by R4. 


25. The group of affine motions. 
For the space R1 we have 
5 = ー8% vy ー8 Vu ’ 
P=, Vo= ニ 4, Ps= ニ ==Ys=0 


and 
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EX = 41 82, 
LI, 
#1 8} —x2 8, 
8} (i= 3,---, 2), 
8) x (a=1,-,n) 


as Egorov has shown [1]. The finite equations of the group are 


x!) = aj +45 2, 
(64) x!2 = ab x +43 22, 
i= Ki x” +k a 3, …, 2), 
where 
1 St 
ay ag at 
iis ae 


For the space R2 the group of affine motions is obtained from 
(65) XA,=—B Bu, XBu=BAz; 


where 8,y=XC,. As we have C,= A, in 22,we get 8,y=—AB,. Hence 
we get 


B= #. (2—1)12 
by virtue of (49). 


Because of (42) (65) becomes 


(Ao E* ); 45 —Avé” Bu +Bat? Ay +8 Bu =0, 
(Ba é”); p—B Ay=0. 


If we put 
= Ast”) De PY aus 


we get a system of equations 


Xyu—-X Bu t VY Ag +8 Bu= 09, 
Y,.—8 A, = 0, 


which admits the solution 
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x 2 2 , 
k 
Ye= = i +R’, 


for we have (49). 
Then £1, £2 are obtained at once as 
ky A 
1 =e eee 1\2 eer ent xl 


£2 = (1 ae i fe (Yk 22, 


and we get 
(67) Pat? = El + yd? = — + Ch, x1 + ke x?). 
Now let us consider the equations (18). We get | 
EX psy = On hat) +8) Cha ED, u 


because of I”, = —8:~,y—8) Ya Then, substituting (67) into these equa- 
tions, we get 


(68) pe = + (ky x + Re x?) x¢@+K 2 x*+ Ke Ca Ss ecko n). 


(66) and (68) give the vectors of infinitesimal transformation. 
(66) generates a group of transformations in a two dimensional space. 
The finite equations of a subgroup generated by 


él = 2— xh x, &2 = —(x)2 
is 


ages +8 x242t 


Hence the group generated by (66) contains a subgroup of projective trans- 
formations. 

We can easily show that xlx2—1 = 0 is an invariant of the group. 

The equations (66), (68) are valid for R4, too. 


EE eee 


——— 


aE 
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Similarly, we get for R3 


= ays RI 2, 


ie = A Pl ey Pe (1+(2)2)—F’ 2A, 


£2 = + (Ry 01+ he x2) x94 KG xh + Ke, 


(69) 


26. Conclusion. 


From Theorem A and Theorems 1, 2, 3, 4 we get the 

THEOREM 5. Consider a manifold An, n>5, or a projectively flat manifold 
An, 2=3, with symmetric affine connection. A necessary and sufficient con- 
dition that the manifold admit a complete group of affine motions of order 
y= n*—n-+1 ts that it be one of the spaces R1, R2, R3, R4. 

As the purpose of the present paper is to study only local properties, the 
global properties of the spaces are left open. But we find that in any of 
them Y, are zero except Ww, 2 which depend only upon x), #2. Therefore, 
if a suitable structure is assumed in the large, we can construct naturally a 
fibre bundle with (7—2)-dimensional euclidean spaces as fibres and a two 
dimensional manifold M, as the base space. A point of M2 is denoted by 
(#1, x2) and a point in a fibre over (#1, #2) is denoted by (#, x2, x3, ..., 2%). 
As &1, £2 depend only upon +1, x2, a transformation of the group takes a fibre 
over (x, x2) into a fibre over (x1, «/2). Hence the group is imprimitive with 
a system of imprimitivity composed of the fibres. The group of the bundle 
jis the group of affine transformations. Mz, of Rl can be regarded asa 
euclidean space from which a point is removed. Mz of R3 can be regarded 
as a projective space Po. Mz, of R2 can be regarded as the inside of a conic 
in a P2, while that of R4 as the outside. 
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condition of surface must be researched. Now, if the surface is an emulsion 
of photographic plate in the air, they are thought as follows; 
i) conditions of the emulsion itself, 
1) kind of the emulsion, 
2) water content in the emulsion, 
ii) conditions of air in contact with the emulsion, 

3) temperature of air and atmospheric pressure or density of air, 

4) absolute humidity of air or water capacity (mass in grams) contained 

in unit volum (1 cubic meter). 

In this experiment conditions of 1) and 3) were kept constant, combination 
or equilibrium state of 2) and 4) was varied at one series of experimental 
data. 

In practice, when the klydonograph is used at high temperature and 
high humidity as in summer of this country, the change of Lichtenberg 
- figures in wet state must be compared with dry one. 

The writer reported in the preliminary experiment about the above 
condition». In the experiment, the conditioning of humidity or preservation 
of definite humidity, in which various kinds of saturated salt solutions were 
resorted to, as described in the International Critical Tables (H. M. Spencer), 
Vol. I. p. 67. But, in the present experiment only sulphuric acid solutions 
were used, for preventing the action of effects in chemical dissolution of salts. 

The object of this project was to research how the Lichtenberg figures 
variate in shape and size. The figures were obtained by dry plate exposed 
in high humidity in the air, and we wish to obtain the values of correction. 

This experiment also will suggest somo ideas of impulse corona discharges 
about the humid surface. 


§2. Apparatus and Experimental Method 


(1) High tension impulse source and circuit 


The electric apparatus is the same as the impulse circuit hitherto used*, 
which was supplied from the half of Gaiffe-Gallot et Pillon’s D.C. high tension 
source. See Fig. 1. Primary voltages of kenetron (Kj, Kz) and main trans- 
former (T) controlled by Slidac independently. For the object of minimum 
fluctuations of spark discharges, sphere spark gaps (G1, G2) were illuminated 
wih the ultra violet rays from a quartz mercury vapour lamp. Through the 
experiments, the sphere spark-gap Gi (2.5 cm¢ brass ball) was kept at 0.95 cm 
or 0.60cm (30.0kV or 20.6kV, peak value at 25°C, 760 mm Hg). The sphere 
spark-gap Gz (2.0cm® brass ball) used was 0.35cm or 0.30cm ass kV or 
11.5kV, peak value at 20°C, 760 mm Hg). And always the gap kept in state 
of G, > G», so the impulse wave supplied by Gi was formed a chopped wave 
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Fasoat) = 
0660600000 


U. V. lamp 


Fig. 1. Schematic diagram of the apparatus. 

The circuit of Gaiffe-Gallot et Pilon’s multiple rectifying high tension source, 
and the impulse circuit. The klydonograph cameras were put in the four vacuum 
desiccators (Nos. 1, 2,3, 4). They were connected in parallel from sphere spark gap 
Gs in the same length lead wires. Refer the former report3)}4) on notations and 
their numerical values in this wiring diagram. IL), Lg, L3, L4: Hand made klydono- 
graph cameras was put in desiccators. 


Table 2. 
Desiccator Nos. 1 2 3 4 
Camera Nos. 1 2 3 4 
% of Hg5S04 0 30 45 50 
% of R. H. 100 75 50 36 


at the room temperature in 25°C. 


by G2. The reason why the peak value about 13 kV is supplied, is that this 
crest voltage gives a minmum mean error in radius of positive figures (+5%)?. 


Fa 
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The terminals set up in the vacuum desiccators which contained sulphuric 
acid solution to maintain a definite humidity holding hand made klydonograph 
cameras were connected parallel so that the same shape and same crest 
voltage of impulse might be supplied at the same time in the positive or 
negative polarity. Then, the lead wires which from the terminals of Gz to 
each terminal of the vacuum desiccator were used in the same length. Thus 
we tried to keep the other conditions than humidity as constant as possible. 


(2) Humidity conditioning of photographic emulsion surface 


A method of humidity conditioning was taken up as described in the 
Landolt-Bornstein’s Tables, Vol. II, p. 1288. Refer Table 1. It shows the 


Table 1. Relation between relative humidity and 
Hs2SO4 solutions in various temperatures. 


Shige temp. °C Relative Humidity 

% of HeSO4 a 0 20 25 30 
0 100 100 100 100 
10 95 97 96 97 
20 88 87 88 88 
30 74 WS) 75 74 
40 56 55 57 58 
50 33 34 36 38 
60 14 16 1% 18 


from a part of Landolt-Bérnstein’s Table (Physikalisch- 
Chemische Tabellen Zweiter Ergdnzungsband II, p. 1288). 


relation between relative humidity, temperature and percentage of sulphuric 
acid solution. In this table, the values of relative humidity were selected 
as near numerical values as in the former experiment for comparison with 
the former one.2 The selected numerical values were the ones showing the 
relative humidity, 100 %, 74-75 %, 50 %, 36-38 % at the room temperature in 
20-30°C. The percentage of sulphuric acid solution for 50 % relative humidity 
would be estimated at 45 % in the room temperature of the same range. 
The mixture solutions of sulphuric acid and water (0%, 30%, 45%, 50% 
of H,SO,) were put in the four vacuum desiceators (Nos. 1, 2, 3, 4) respectively. 
See Fig. 1, Fig. 2, and Table 2. The dry plate set up in the hand made 
special klydonograph camera, and each plate was a quarter (8.3 cm x6.0 cm) 
of a cabinet size. These cameras were set up on the seven holed porcelain 
disk held on the shelf of the desiccators. The body of the camera was made 
of a pasteboard, so that the moisture of the air would reach the surface of 
the dry plate through it. Then, the air in contact with the emulsion surface 
of the dry plate would hold a definite humidity in equilibrium in 70-90 hours, 
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Fig. 2. Klydonograph camera was put in vacuum desiccator. 
A: Crystalizing dish (containing the mixture of H2SO4 & H20). 
L: Hand made Klydonograph camera. 

Ti, To, T3, T4: Terminals for camera and desiccator. 
S: Brass spring wire. 

He Oga hygrometer for indexing. 

Z: Porcelain disk (15cm?) with seven holes. 


Through a series of the experiments, these sets were rest for so many hours. 
For convenience’ sake, the writer treated the humidity of the moist emulsion 
surface with numerical value of the absolute humidity converted from the 
value of the relative humidity and the air temperature at that time. 


(3) The klydonograph camera 


The details of the camera for this experiment are shown in Fig. 3. 
These hand made cameras were made of a pasteboard, bakelite plate and 
round bar, copper plate and wire, brass vis and nuts etc. 

In the first half of this experiment, a thick copper wire (0.30cm*) was 
used for needle electrode, the sharp end of which was finished in the same 
shape. But in the second half this copper needle electrode was replaced by 
a special steel needle for a record of a phonograph. This object was to 


unify the shape of tips on the needle electrodes. So, a part of these cameras 
were rebuilt as shown in Fig. 4. 
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(4) ] 2s 4° 5cm 


Oh Uf 72 OG Brag 


Fig. 3. Details of Klydonograph camera Fig. 4. Details of rebuilt camera. 
designed for this experiment. Acs 


I: Bakelite plate (0.60 cm thick). phonog#faph. (0.17 cmé). 


R: Bakelite lock nut (1.0 cm®). B: Brass cap, screwed in tip of P and 
PQ: Screwed copper needle electrode locitd with: L 


(0.30 cmd ). S: Set screw for A (sank head, 1/16/’¢ ). 
F: Dry plate (Fuji Al, 1/4 cabinet size; 
6.0 cm x 8.25 cm). 
X,Y,Z: Pasteboard box, Z was double 
cover for mercury lamp. 
C: Copper plate electrode (6.0 cm x 8.3 cm 
x 0.10 cm). 
M,N: Brass vis and nuts (1/8//+) for 
terminal. N was screwed and soldered 
in C. 


Special steel needle for record of 


(4) The photographic materials and their treatment 


As the photosensitive materials, Fuji Al (orthochromatic, high speed 
[daylight : ASA 20°, tungsten light: ASA 12°]) dry plates were used. Asa 
series, these plates were a quater of a cabinet size plate. 

After an impulse supplied on these plates, the series were developed by 
Dk,» at the same temperature (20°C) at the same interval (5 minutes), and 
fixed by FF-H, of the indicated fixing bath (15 minutes). 


§3. Experimental Result and Measurements 


Photo. 1 shows the typical examples of the positive figures Cupper two 
rows) and negative figures (lower two rows); they were obtained by the 
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cameras of Fig. 3 (copper needle electrode). The crest voltage of the chopped 
wave of impulse at the normal state (Vn) was 13.3kV. The first and the 
third rows were the series of variated humidity with positive and negative 
polarities, respectively. The second and the fourth rows were the series of 
constant humidity, and the object was to compare each figure, and to research 
the instrumental errors of each camera, etc. The numerical figures described 
under each figure were the values of given absolute humidity on each emulsion 


surface and surrounded air. These values converted by the calculations from . 
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the room temperatures and the maintained relative humidities. 

Photo. 2 shows the typical ones. They were obtained by the camera of 
Fig. 4 (special steel needle electrode). The arrangement and the others are 
the same as shown in Photo. 1. But, in these cases the flash-over on the 
emulsion surface often happened. So, the crest voltage of the chopped wave 
of the impulse at the normal state (Vn) was reduced to 11.5kV. 

The range of the positive and negative figures (the maximum length of 
radius from the trace touching the needle electrode) was measured on each 
figure respectively. The relation between the range of these figures and the 
absolute humidity are shown in the diagrams of Fig. 5 and Fig.6. In these 
diagrams, the thick full lines are those of the examples of Photo. 1 and Photo. 2. 


§4. Preliminary Discussion 


(1) On the variation of shape and size or range of the both figures 


The same tendency was recognized as that of the former report?. The 
obtained positive figures in high humidity, in shape the dendritic streamers 
became wider in width, shorter in length, smaller in branches as well as in 
number. Also, the shape of negative figures became wider in sector width, 
shorter in length, smaller in the number of sectors. Refer to Photo. 1 and 
Photo. 2, once more. 

Then, the size or range of the dendritic figures contracted as the humidity 
increased. The negative figures also showed the same tendency, but the 
effect of humidity less. This tendency became apparent beyond about 20g/m3 
in absolute humidity. 

The writer thought that these variations of the shape of figures were 
experimentally recognized as well as the figure which supplied smaller steep- 
ness in the wave front (dV/dt)®. Also, the writer found the two following 
reasons in the variations of the shape and the size of the both figures. In 
the high humid condition, the water molecules were rich in the gelatine film 
of exposed emulsion surface and its surrounding air. There would be a 
capture of the electrons and the positive ions by rich existence of the water 
molecules. The capture of these charged particles by the electric impulse 
discharge would be a brake to stop the growth of the streamers. So the 
figures would be recorded smaller than the original ones. 

Moreover, the dielectric constant (€) of the emulsion layer would be 
increased by attachment of water molecules. As a result the electro-static 
capacity increases and the humid emulsion surface of the dry plate may be 
given lower voltage for an applied impulse of a constant electric charge. 
The size of figures depends on the function of an electric potential, or the 
maximum length of the streamer proportional to the applied impulse crest 
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voltage in some range®. Then the size of figures contracts in the humid 
condition. The writer will try to confirm the above facts in experiment. In 
Fig. 5 and Fig. 6 positive figures may be observed to become large at about 
13 g/m3 in absolute humidity. This tendency was observed in the former 
experimental results. But, this enlargement may be thought the fluctuations 
included in these instrumental errors by the cameras and others rather than 
the direct effect of humidity. 


(2) The rates of contraction in these figures 


The rate of contraction effected by humidity in the Lichtenberg figure 
(ZT) was defined as follows by the writer :— 


1* or 1 —> % 


10 11 12 13 14 15 


Cresf volfage —>+kV 


Fig. 7. Diagram of relation between given absolute 
humidity, applied crest voltages and rate of contractions 
on the both figures (I+, II-). 


O:@ 12.9—13.2 kv x :@ W1-11.3kV 
@ © 129-130 kv}e 01:0 112-114 ky SS: 


人 へ: 15.1-15.2 kV 
V:© 15.0—15.2 KV }Cu Refer former report3), 


— 
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— Ra—Rw 

Ra 
Here, Ra was maximum radius measured in cm. at minimum humidity state. 
Rw was a maximum radius measured in cm. at maximum humidity. 

These //’s were calculated from the obtained data on the both figures. 
Fig. 7 shows a diagram relations between the given absolute humidity and 
the applied crest voltage and the //+, II-. + and JJ- were the rate of 
contractions on the positive and negative figures respectively. The numerical 
values of //+ and J7- were 10-30% and 10-20 % at 25-30 g/m3 in the absolute 
humidity. Hence, the numerical values of correction in humid state were 
observed in that they were required in the above description 


IT 


(3) The colored marks which appeared when special steel needle electrodes 
were used 


When only special steel needle electrodes were used, the yellow brown 
colored ring marks were observed around the part of needle touching on the 
emulsion surface in the humid state. Photo. 3 and Photo. 4 are the typical 
examples of micro-photographs of the emulsion surface around the touched 
part of copper needle electrode in positive and negative polarity, respectively. 
Photo. 5 and Photo. 6 are the typical examples of micro-photographs for which 
the special steel needle electrode was used in both polarity. In these photos. 
the white part of the center in the place where the softening emulsion was 
shaved by the sharp end of electrode in high humidity. These micro-photo- 
graphs were photographed by the posi. film and were printed. This black 
doughnut type ring around the white part appeared yellow brown. These 
rings were observed in Photo. 5 and Photo. 6, but they were not observed in 
Photo. 3 and Photo. 4. The outer part of these places appeared like sand a 
procession of the radial black spots are the groups-of the developed silver 
particles, and they are the origin of the figures. 

The writer thought that these colored marks may be a burnt place of 
the humid gelatine film. Becouse, the shape of the tip of the special steel 
electrode is sharper than the copper one (See Photo. 7), so the writer thought 
that these phenomena might depend on the difference of intensity of electric 
field and the different attaching state of water particles on the tip of electrode 
and emulsion surface (capillarity). 

Also, the writer was suggested that the colored mark might be the trace 
of diffusion of iron ions (Fe++, Fet++) from the special steel electrode”. 
Clear reactions were not yet found in the results of the chemical qualitative 
analysis. This phenomenon may be related to the former cause. 

For the next project the writer will plan to research on the effects of 
variated crest voltages for the highly humid plates, on the critical absolute 
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humidity in which either figure will change, on the applied complete impulsive 
wave, and effects on the materials of the electrodes at the humid emulsion 


layers. 
This report is a part of summary of the lectures made at the Special 


Meeting on Discharge Physics, held by the Physical Society of Japan in T one 
Oct., 11, 1955. 
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Explanations of Plate I, (1) and (2). 
Date and data for Photo. 1 and 2. 


Room| Atmo. I+ 
ot ta Row Date Weather | temp.) press. Humidity.) Polarity cv tev) or 
3 : (C°) (mm Hg) : sie 
1 orate 1955 - Cloudy 28.2 | 754.4 | Variated Positive 13.3 12.9} 21.7 
1 2+\ Jun. 16; .5,/ | Rain 24.4 | 751.4 | Constant . ¥ »»7| 13.0} 5.7. 
1 3 | Jul. 25. |, | Half fine} 29.2] 756.5 | Variated :| Negative] ,, |12.9|21.4 
1 4 5) 20n | Pine 30.4 | 761.0 | Constant iy : Tg do baz 
2-1.) Aug. 23, - 5, --))Fine- 27.2 |- 760.6 | Variated | Positive | 11.5)11.3) 24.4 
Cig eae (gs ae Ri 27.8 | 757.0 | Constant i > sell TD da 
2 ZO(-Sep, SYS Oe s 24.4 | 760.1 | Variated - | Negative | ,, |11.4!17.7 
2, 4 | Aug.14. _,, Rain 27.4 | 756.7, | Constant aren (Oe he 2 


Vn: Sparking peak voltage at 20°C, 760 eos (Gp). 
V: Corrected sparking peak voltage (G2). 


The numerical figures writed under each figures were the values of given absolute 
humidity on each emulsion surface and surrounded air. 


coms bh 


ee ee VE 


Plate I (1) 


‘(CATE'EI=UA ‘oporzoaje e]pesu no) 
‘41IPIUINY jUe}suUOD pue snolieA Ul peulielqo soinSy aAtjesou pue sal}sog ‘I ‘030UT 


te bE2 bez er 


Li SP —— 


out Zbl 261 


H. conslanf 
2 


H. variated 


ZO} 


Plate 1 (2) 


| 


H. variated 


aa constant 


EL? 


O08 


O's] 


99°b 


‘CAN GTILT=UA ‘eposqoeja s[peeu jeeqs [eloeds) 
‘AjIpruny URISUOD pue SNOTIVA UI poulezgo seInsy oAtjieZou pue 


Ee Oe 


OE} : Dbl 


ealyisog ‘2 0104 


£ 


UZ 


O31 


92 


_ 


a 


ss . 


a 


: Sn ae 


eee ee 


= 


“ 


Sele 


ee. 


s 


see 


ayes 
= 


TE wes 


eric of Plate ah 


| Photo 356. 


, 


* 


9A ta 


nico and ‘camera : : R. WINKEL — Konica, 35. 


Ay 
sie 


Sele 


ce 


&. 


‘Photo. No. Material of electrode — é Polarity 
i Copper i 


im 


D> 


Special steel 


z 


fy 
wee 
. 
3 
Me 
er 
we, 
a 
ae 
it 
a 
ee 
2 
c 


” 


*hoto. ve Micro-photographs of tips of copper q) and special steel needle 
; ew oh! - trodes: (2). 


Plate II 


; Wy me: 4 
ran” Whee Set, 


(Science Reports of Yokohama National University, Sec. J. No. 5, 1956) 27. 


Haxagonal Steps on the Surface of F,0, 
solidified from the Melt 


By 


Nahonori MIYATA and Yasuo GONDO 


F203 was melted and cooled slowly in a vacuum (10-3~10-4 mm Hg) by 
a molybdenum-furnace. Samples changed their colour from red to black, 
showed strong ferromagnetic character, and had a crystal <tructure of spinel 
type. We could imagine they might be FesO4 as expected from their phase- 
diagram. 

Many hexagonal plates were found on the surface. According to X-ray 
analysis, these plates were {111}-planes and their hexagonal edges <110>- 
directions. They were so flat as to look very brilliant, but not exactly flat 
but concave, as known by the electron-microscopic shadowing method, and 
showed beautiful hexagonal steps under the microscopic field as seen in 
photographs. 

From these photographs we could recognize the following results: 

1) Two patterns, each center of which was very closely situated, grew as 
if they were single. (Photo. 1.) 

2) Those, not so closely situated, were not coincident in their plane direc- 
tions and seemed to disturb their growth when they met with each other. 
(Photo, 1,.2,..3:) 

3) Their free edges were straight and intercrossed with an angle 120°. 
(Photo. 1, 2, 3, 4.) 

4) These patterns were much larger than those found recently on some 
sintered materials. 

The mechanism of their growth—whether they related to solidification 
from the melt, to condensation trom the vapour, or to thermal etching, that 
is, evaporation from the solidified surfaces,—is not clear. 


The authors wisi to express their hearty thanks to Prof. Z. Funatogawa 
for his encouragement. This work was partly supported by the Scientific 
Research Expenditure from the Ministry of Education in 1955. 
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Precision Density Measurement of Nickel-Copper Alloys. 


Part I 


By 


Yasuo GONDO, Nahonori MIYATA and Tetsuo KAMENO* 


Synopsis 


Densities of Ni-Cu alloys were measured by means of hydrostatic weighing 
method, by using the specimens which had as little macroscopic imperfections 
as possible. The notion to the method of the measurement is described in 
detail. The result shows very good agreement with that calculated from the 
X-ray data of the other investigator with the use of 6.023102 mole-! for 
Avogadro’s number in chemical scale. 


§1. Introduction 


This is a preliminary report on a density measurement in several nickel- 
copper alloys for a hard drawn state. We have investigated a study of 
Young’s modulus and its variation with magnetization in Ni-Cu alloys, so 
the density was needed for the study. 

Several authors!~* already reported on the density of the alloys, but their 
results did not agree well with each other. This is probably due to macro- 
scopic and microscopic imperfections existing in the specimens as a result 
of the preparation of them, or due to the measurement with insufficient 
accuracy. It is well known that the density of metals decreases by cold 
working and the cause is supposed to be due to some microscopic imperfections 
— point .vacancies, dislocations and grain boundaries— produced by cold 
working»). But the decrease of density due to microscopic origin is so small, 
reported as the order of 10-4 or less, that it is not sufficient for the cause 
of such a remarkable variety in the observed density. Therefore, it is 
considered that the macroscopic imperfection — pores, voids, etc.—is one 
of the most important factors for the density deviation from the most 
closely ‘packed state. In order to avoid the macroscopic imperfection, the 
preparation of the alloys from the raw materials should, be carried out with 
great care; particularly the melting and casting of the alloys should be 


* The present address: The Mutsu-ura Middle School, Mutsu-ura-machi, Kanazawa-ku, 
Yokohama. 
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carefully performed in a high vacuum. 

Then the density measurement was desired to be carried on with the 
perfect samples as possible and with an accuracy enough to detect the micro- 
scopic imperfection. 


§2. Specimens 


Electrolytic nickel (impurities contained: Fe 0.02%, Si 0.02%, Mg 0.01%, 
Al 0.01%, Cu 0.01%, Mn traced) and electrolytic copper (impurities contained : 
Fe 0.01%, Mg 0.01%, Si 0.01%, Al 0.01%, Ca 0.01%, Ni traced) were used for 
the raw materials. They were melted together by means of a high frequency 
induction furnace in a vacuum of 10-3mmHg, fully out-gased, and cast into 
a steel mold of 15mm in diameter in the same vacuum, with the courtesy 
of Mr. T. Nagashima at the Electro-technical Laboratory®. Then they were 
hot-rolled up to 8mm square at 1000°C for a short time and cold-rolled up 
to 4mm square in succession. After that they were tempered at 700°C for 
3 minutes and drawn into wires of 2mm in diameter. After all, cold working 
for the specimens used for the measurement was 75% reduction in area. In 
the alloys obtained, in spite of absolute lack of Mn, cold working up to 99% 
reduction was possible®. 

If the charges were out-gased enough, we could obtain perfect specimens 
which contained very little blowholes, that is, macroscopic imperfections. 
Seventeen alloys with various compositions were prepared. Grain size of the 
specimens was about 300/mm2. 


§3. Experimental method 


We adopted the method of hydrostatic weighing; a Shimazu chemical 
balance, 100 g maximum load on each pan, rated sensibility 0.1 mg, was used. 
A calibration of the set of weights was performed by the Central Inspection 
Institute of Weights and Measures. For volume determination the specimens 
were suspended on a Nylon thread (0.04mm in diameter) from the rignt 
pan and submerged in the water. Since the samples used were a bundle of 
wires, the holder of the samples took the shape of a hook with a weight 
(about 10g) under it, minimizing the damping. 

In order to obtain the highest precision the measurements were carried 
on by the next procedures. 
(1) Firstly, the weight of the sample Wio was measured in air, taking off 
the sample holder. 

(2) Secondly, the sample holder was hung in water and the weight of the 
sample Wi was again measured in air; in general Wio + W1. 

(3) Lastly, the sample was held on the sample holder in water, and the 
weight of the sample Wy in water was measured. 
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Then, the following formula was used to calculate the density of the sample, p: 


(A cr ale io Pa ) 
Wi—Wy po 
where Pw=density of water at the temperature during the measurement, 
Pa—density of air = 9 ” ; 
po=density of the brass weight 


” ” 


In order to determine the density within error by 10-4, we must consider 
the next corrections for the obserbed values. 
(1) The correction for the obserbed values of Wio, Wi and Wry. 
They should be corrected by the corrections for the weights and for the 
arms of the balance. Here the absolute value of the set of weights have 
been accurately determined to the order of 0.1mg and the correction value 
of the arms is 4.3 x 10-5. 
(2) The correction for the water density pw. 
The standard water density is pyc=1.000000 g/cm3” and the temperature 
effect is 4pw=2x10-4/°C.” Since the change of temperature is within 0.1°C 
during the experiment, the effect is only the order of 10-5 and practically 
may be neglected. Dissolved air effects in the 7th decimal place®). 
(3) The correction for the buoyancy of air. 


This consideration is necessary, for weet : ce =1.3x10-3, Then this 


correction value should be accurately estimated to the order of 10-4. It is 
sufficient for the above accuracy that the adopted value of brass density is 
8.4. The temperature effect of the air density is 4pa=4x10-6/°C; for ordinary 
temperature fluctuation below 1°C during the experiment, it is not necessary 
to consider the effect. The pressure effect of the air density is Apa=1.5x 
10-6/mmHg®; for ordinary pressure fluctuation, the pressure effect is also out 
of question. For the humidity effect, it is sufficient that the density of water 
vapor, 2x10-5g/cm3, is added to that of dry air at the temperature. The 
carbon dioxide effect» can be neglected. 

(4) The correction for the hanging thread. 

The correction for the buoyancy of water is about 1.2x10-5g, when the 
thread is 0.04mm in diameter and is soaked into the water oscillatorily up 
and down about lcm. The effect of the surface tension of water against 
the thread is probably 1x10-3g, but in the present method, where the weight 
is measured three times, Wio, Wi and Wy, this can be cancelled out. 

(5) The correction for the sample holder. 

The total volume of the sample holder is about 1.5 cm3; and therefore the | 
temperature effect can not be neglected. In our method, however, it should 
be cancelled out and it is not necessary to consider as well as (4). Thus, 
it is recognized that the present method to measure Wio, Wi and Wy, is 
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superior to the ordinary method to measure Wi and Wy only. 

(6) Besides the systematic errors for the above corrections, the random 
errors for the observation of the resting point should be estimated. The 
reproducibility of our measurement is indicated by this error, which is 
actually about 11074. 


After the specimens, which were 2 bundle of wires (4 cm in length, 2mm 
in diameter and about 10g in weight), were polished and washed with benzol, 
alcohol and distilled water and air bubbles over the surface of the samples 
were taken off carefully, then the densities were measured. A constant 
temperature bath was not used, but the temperature fluctuation in the water 
was less than 0.1°C which was small enough for our purpose, during the 
measurement. 


§4. Results and Discussions 


When we repeated the density measurement in the alloys, a few minute 
tubular voids was found in some specimens. Namely, after the first measure- 
ment, the surface of the specimens and then the voids were filed away with 
great care, and again the measurement was repeated. Consequently, in some 
cases, an increase of the density was found. After repeating this procedure 
several times, finally the density value was not increased any more, except 
pure copper, the preparation of which failed. Then this value of the density 
was considered as a most reliable value, and was called macroscopic density. 
The values reduced to those at 18°C are tabulated in Table 1. 

Table 1. Densities of Ni-Cu alloys in g/cm3 determined by hydrostatic 


weighing. The values pjgs/4° are reduced to that at 18°C. 
Standard: density of water at 4°C=1.0000007). 


Specimen Composition Density Error 
number atom % Cu Pigs/4° Ap 
NE 0.0 8. 8972 + 9x 10-4 
2 Tal 8.9085 7 
8 11.2 8.9130 14 
3 14.0 8.9178 9 
4 24.5 8.9274 21 
5 28.4 8. 9339 15 
6 80 4 8.9344 14 
10 33.8 8.9373 10 
12 46. 4 8. 9493 16 
13 56.8 8.9579 15 
14 68.0 8. 9588 16 
15 76.2 8.9570 16 
16 89.5 8.9477 12 
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As illustrated in Fig. 1, the density of Ni-Cu alloys increases like a 
parabola with the increase of the concentration of copper, shows a round 
maximum near 65 %-Cu and decreases again parabolically to that of pure 
copper. Near the maximum value a deviation from the quadratic curve is 
practically remarkable. Qualitatively this result agrees with those reported 
by several investigators. For the comparison with the present result, the 
observed values by Yamamoto!’ and Nishiyama?’, and the calculated value 
obtained from the X-ray data by Owen and Pickup” are shown in Fig. 2. 
Here all the values are reduced to those at 18°C. The Yamamoto’s result is 
a little lower in Ni-rich alloys and the maximum value is found near 73%-Cu 
alloy. So it is suggested that the specimens used there were probably less 
perfect macroscopically. The data reproduced exactly from Owen’s report 
are much lower, as shown in the figure. It is necessary, we suggest, that 
the data should be recalculated under the consideration described below. 

While an ordinary method for the precision determination of density is 
the hydrostatic weighing method which has been adopted by us, the second 
method is the X-ray method, where the density is determined by calculating 
the mass from the molecular weight and Avogadro’s number, using the lattice 
constant for the volume determination. The former method gives the macro- 
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Fig. 1. Densities of Ni-Cu alloys as a function of the composition at 18°C 
(full line). The errors of the measurements aré shown, too. The shaded band 
shows the densities recalculated from the Owen’s X-ray data with the use of 
6.023 x 1023 mole-1 for Avogadro’s number (chemical scale). 
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Fig. 2. Densities of Ni-Cu alloys published by several investigators. The 
data of Owen and Pickup are reproduced from their original report (see Fig. 1). 
All values are reduced to those at 18°C. 


scopic density and the latter method gives the ideal density of the crystal 
lattice, defined as the microscopic density. 

In order to determine the microscopic density, the following relation 

p=4A/Nas 

is used for the ideal crystal of the face-centered cubic structure, to which 
Ni-Cu alloys belong over all the compositions, where A is the molecular 
weight, N is Avogadro’s number and @ is the lattice constant. While Owen 
and Pickup?) used 1kXU=1A for the unit of the lattice constant and 6.064 x 
103 mole-! for Avogadro’s number (Birge 1929), at present 1 A=1.00203 kXU 
and 6.023108 mole! for Avogadro’s number (Birge 19451), DuMond and 
Cohen 195412) are recommended, respectively. 

Consenuently, it is natural that the density values published by Owen 
and Pickup are markedly small. Now we recalculated the values using their 
lattice constant observed and the recommended constants and the results are 
shown in Fig. 1. Since the error of the lattice constant measurement is 
Aao/ay*=+1x 10-4 there, so the error of the density calculated from the X-ray 
data is 4p/p++3x10~4 at least: This error is larger than that in our hydro- 
static weighing measurement, which is shown in the figure, too, and it is 
shown that the recalculated curve is widely spread with the magnitude of 
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the error. The present result determined as the macroscopic density agrees 
well with the recalculated result determined as the microscopic from the 
X-ray data within the experimental error. 

In recent years the study of the microscopic imperfection is one of the 
important problems of the solid-state research and such investigations have 
been made by various authors!®, The variation of the density due to the 
microscopic imperfections produced by work hardening or radiation, will not 
be able to be detected by the X-ray method of the above accuracy. The more 
accurate X-ray method is desired but the development is difficult. As the 
most direct method of detecting the microscopic imperfections the precision 
density measurement! 15) will be used better. We are now carrying on the 
measurement for the annealed state of the alloys, in order to study this 
problem, which will be published in Part II. 
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Variation of Young’s Modulus with Magnetization 


in Single Crystals of Nickel 


By 


Toshiro WATANABE*, Yasuo GONDO and Zenya FUNATOGAWA 


Synopsis 


Young’s modulus and its variation with magnetization (4E effect) of 
nickel crystals at room temperature were measured by a 10kc magnetostrictive 
vibration method. The nickel crystals were a slender cylindrical rod form. 
A method of growing crystals and measuring procedure with a very small 
driving field was described in detail. Because Es, the value of Young’s 
modulus at the saturated state, was the normal Young’s modulus, 4E effect 
should be expressed as 4E/Es, unlike the ordinary expression. The magneti- 
zation dependence of the 4E effect in nickel crystals was observed in a 
peculiar behavior (two steps, except [111]), similar to those of iron crystals, 
replacing [100] in iron to [111] in nickel. (4E/£s)r, the value at the residual 
point, as a function of the orientation function was on a straight line but 
for {110}. 

The elastic constants of nickel were estimated at the saturated state and 
well coincident with the value at 10Mc. The values were Cii=2.53, Cj2=1.55, 
Casa=1.24, all in units of 10!?dyne/cm?. In the demagnetized state the elastic 
constants were distributed at random, as expected. 


§1. Introduction 


When tension is applied to a ferromagnetic material, the orientation of 
magnetic domain will be redistributed, resulting in an additional expansion 
besides a purely elastic one, even in an unmagnetized state. The total strain 
produced by the tension is the sum of the both. The magnetostrictive strain 
is a function of the applied stress and magnetic field. When a strong field, 
where the magnetization is saturated, or a strong external stress is applied, 
the domain magnetization vectors are completely aligned and the change in 
their direction cannot cccur by the application of a stress and then the 
additional expansion disappears. This means that the measured Young’s 
modulus, the ratio of stress to strain, of a ferromagnetic material will be a 
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function of its magnetization (and of the amplitude of stress). It is therefore 
expected that Young’s modulus of the demagnetized state is generally smaller 
than that of the magnetized state. This phenomenon is usually known as 
the 4E effect, first investigated experimentally by Honda! in 1902. Since 
then, many reports on this phenomenon have been published. They are 
reviewed by Becker and Doring?’, and Bozorth3, However, almost all the 
investigations have been carried on by polycrystals, so the experimental study 
on the 4F effect in single crystals are very few. Only Kimura) measured 
the effect in single crystals of iron of various orientation and Yamamoto) 
also investigated on iron and nickel crystals. In nickel crystals he found 
peculiarities quite similar to those in the case of iron crystals. Bozorth® 
also investigated the various elastic constants of single crystals of nickel and 
their change with magnetization by a ultrasonic pulsing method. But further 
measurements in single crystals have been expected to proceed. The reason 
why such desired studies are few is due to the difficulty of obtaining single 
crystals. Now we have investigated into this problem and tried to explain 
the effect, based upon the conception of magnetic domains. This is the 
object of the present study. 

As a result of the existence of the 4EF effect, a question as to what is 
the normal Young’s modulus in ferromagnetics occurs. It should be stressed 
that Es, the value at saturation, is the normal value®”, that is, the value 
it could possess if the magnetostriction were zero, as Young’s modulus in 
ferromagnetics. The value at demagnetized state, Eo, is only for a practical 
use. In the demagnetized state the Hooke’s law does not hold strictly and, 
moreover, Eo has not always a unique value, because the distribution of the 
magnetic domain vectors can differ from time to time, even in the state of 
zero magnetization. Actually, there were remarkable fluctuations for the 
values of Ep, about+0.6 per cent, in our measurements. On the contrary, in 
the saturated state the domains, accordingly Es, are fixed; Ls is a purely 
elastic modulus. It should be noted that volume magnetostriction of nickel 
is generally so small that it can be ignored usually. Thus we take always 
E; for a basic value and the customary measure of the magnitude of the 4E 
effect is expressed as 4E/E;, where 4E=E—E, is the difference between the 
values of Young’s modulus at a magnetized state, E£, and its value at saturated 
state, Es. Of course, this expression has not an essential distinction from 
the ordinary expression, 4’/E/EZ), with respect to the demagnetized state, 
where 4/E=E-£E, and should be distinguished from 4E. It is easily reduced 
to another form by the following relation, and vice versa, 


A/E/Ey=(—CAE/Es) + (4E/Es)o] > C1+CAE/ Eo , ea 


where (AE/Es))=(2)—Es)/Es, the value of 4H/Es at the demagnetized state. 
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By the above reason, we should chooze £; as a starting point and measure 
the 4E effect on the descending hysteresis curve. On the descending hysteresis 
curve, the distribution of magnetic domain at the residual point can be 
assumed theoretically. The following relation 


Ty/Is=1/V 3B (2) 


is easily derived, where J; is the magnetization at the residual point, Js the 
saturation magnetization, and (8; ,82 and Bs3 are the direction cosines of the 
rod axis with respect to the three cubic axes, [100], (010) and [001], respec- 
tively, in order of the magnitude. The relation (2) is held in both regions 
where®; > 82+83 and Bi< 82+83. It should be noted that the residual is a 
mark point which divides the hysteresis curve into two branches— one for 
the higher magnetization according to “rotation® process, that is, a change 
in the direction of magnetization of the domains, and the other for the lower 
magnetization corresponding to “‘ moving boundary” process, that is, a change 
in the volume of the domain. AE effect must be explained by these conceptions 
and already several theories?:8-13) have been proposed. But their experimental 
confirmation may not be satisfactory yet. 

Measurements of Young’s modulus may be performed by either a static 
loading or dynamical method, which gives values of the isothermal and 
adiabatic Young’s modulus, respectively. At present rather the dynamical 
method has usually been adopted, because the dynamical method can give 
the more accurate result than the statical one and can make measurements 
possible by enough small stress. There are several methods of exciting 
longitudinal oscillations and detecting resonance, or measuring the velocity 
of a pulsed elastic wave. They are reviewed by Bozorth® briefly. We have 
adopted the method of longitudinal vibration excited magnetostrictively, as 
described in § 3. 


§2. Preparation of Crystals 


One way to investigate on anisotropic properties of ferromagnetic crystals 
is to use the single crystals, prepared for a slender cylindrical rod form with 
desired orientations. In another case the use of a disk form of the crystal 
is more desirable. For the study of 4£ effect by means of the magnetostric- 
tive vibration, however, the former is more convenient. 

As a rule, single crystals of nickel and other metals, which have no trans- 
formation in a solid phase, are usually produced from the melt by Bridgman 
method™ (or its modified form)1© and a slow cooling method!”!®, The 
latter one is basically simple; a suitable quantity of the material is melted 
in an appropriate crucible and cooled in such a way that there is a small 
temperature gradient along the specimen. On cooling through the melting 
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point the supercooled molten metal will solidify at one end and a crystal 
formed there will slowly grow as the rest of the material solidifies. On the 
other hand, the former method is founded on almost the same principle as 
described above, but it is an important difference between them that in the 
Bridgman method the lowering of solidified crystals through a freezing point 
from the high temperature region with a suitable speed with respect to the 
crystal orientation is needed. By this method, using a seed and a suitable 
speed for lowering crystals, it is easier to produce a crystal of the selected 
orientation. Furthermore, its advantage is to be able to obtain a long crystal 
more easily, if the so-called “zone melting” method is used together, in which 
only a small portion of the metal wire is melted at first and the melted 
region is moved gradually. Therefore we have adopted the modified method, 
almost the same as described by H. Takaki and others!®, except the construc- 
tion of the furnace. 

There are, however, remarkable practical difficulties in the use of this 
method with high melting point 
metals such as nickel, etc. 
They are those of the high 
temperature production and of 
protecting the samples and the 
heating element from oxidation. 
Those difficulties are overcome 
by the use of a high resistance 
wire-wound furnace operated 
in a vacuum without the use 
of a heavy current such as in 
a Tamman furnace. For the 
heating element a molybdenum 
or tungsten wire is conveniently 
used. A reducing atmosphere 
such as hydrogen is not desir- 


To vacuum 
pump 
200 Lec Booster 


and 
200 B/min Rotary 


able for melting nickel, because 
nickel absorbs hydrogen, thus 
producing inclusions of gas in 
the specimen. 


(A) Furnace and method 


of growth. Fig. 1. Diagram of furnace 
The vertical molybdenum A, alumina crucible; B, pure alumina coarse 


2 powder; C, AM alumina tube; D, SM alumina 
resistance tube furnace 1S _ tube; E, steel casing; F, molybdenum heater; 


5 5 G, nickel seed and wire; H, steel supporter; I, 
shown in Fig. 1. The heater. glass window; J, Wilson seal; K, heater termi- 


was prepared by winding a nal; L, lamp. 
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molybdenum wire (1.4mm diameter) 50 times with 5mm in pitch on a Tokai 
Rozai AM alumina tube of 54mm in outer diameter. 

The casing, in which the furnace was mounted, was held in a vacuum, 
about 10-3mmHg, by a OB200-booster pump during operation. The tempera- 
ture was observed with an optical pyrometer through the top glass window 
and also was crudely estimated, using the heating element itself as a resist- 
ance thermometer. When the temperature reached 1500°C, the voltage applied 
to the furnace was approximately 72V and the heating current was 22 A, 
then the furnace attained an equilibrium state. During the operation, the 
voltage had to be held constant carefully to keep the temperature constant. 
An alumina crucible of 3mm in inner diameter, 7mm in outer diameter and 
40cm in length, with a seed and a nickel wire inserted to be melted (50cm 
length and 2mm diameter), was hung at the suitable position in the furnace 
by a thin molybdenum wire (0.08mm diameter), was melted at the upper 
part of the seed and the lower portion of the wire, and then was lowered 
with a suitable speed from the melting point region. The control of the 
lowering speed, from 4cm/h to 20cm/h, was attained by a synchronous 
motor and reduction gears. For this lowering mechanism a Wilson seal was 
applied. 

As the seed became a nucleus for the growing of a new crystal, we could 
obtain the crystal with a desired orientation in most cases. Sometimes the 
rod produced by this procedure was divided into several crystals. Perhaps 
this occurred when the polycrystalline wire inserted in the crucible had not 
slided down smoothly. We suppose that it was due to a “thermal shock”, 
that is, the colder polycrystalline wire dropped suddenly into the supercooled 
molten metal just over the growing crystal and made it to solidify with 
independent orientations. 

After the procedure, the crucible was broken carefully by a grinder and 
the ingot was removed ; grain boundaries between crystals in the specimen was 
plainly seen by etching it in a conc. HNO. Its crystallographic orientation 
was determined by the X-ray rotation photographs. During the procedure, 
it was especially necessary to avoid introducing any undue strain. 

(B) Specimens. 

The polycrystalline nickel wire used in our study was prepared with the 
courtesy of Tokyo Shibaura Electric Works Co., Ltd. and impurities detected 
by spectroscopic analysis were Mn, Fe, Si, Mg, Al and a trace of Ca as shown 
in Table 1. The purity of the material was 99.6 % or more. 


Table 1. Spectroscopic analysis of materials. 


Si Al Fe Meg Ca Mn 
aD + ie a trace ray, 


ee 
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Table 2. Dimensions, orientations and residual magnetization of 
the specimens. Ly,-catc. and I-45 denote the ‘calculated 
and observed values of residual magnetization, respectively. 


Specimen Length | Diameter Direction cosines lp rale arly =obs. 
number 

(cm) (cm) By B2 63 (gauss) | (gauss) 
No. 1 17. 83 0. 284 0. 633 0.576 0.518 456 458 
No. 2 19.72 0. 289 0.795 0. 602 0.073 363 375 
No. 3 20. 00 0. 284 0. 999 0.013 0.013 289 285 
N 12a 18. 16 0.277 0. 922 0. 307 Osean 313 315 
N 13a 19. 14 0.277 0.883 0. 467 0. 052 327 366 
N 14a 20.90 0. 278 0. 958 On223 0.178 301 294 
N 15 20. 04 0.279 0. 996 0.091 0. 000 290 285 
N 17b 21.07 0. 281 0.994 0. 108 0.022 290 290 
Polycrystal 20.20 0.197 == = aa === 396 

[tii] 


All the specimens prepared were 
cylindrical rods and annealed at 900°C 
for 2 hours in a vacuum. The constants 
of the specimens are shown in Table 2. 

T,-catc and I;-oss in the table are calcu- 
lated values by Eq. 2 and observed values 
of the residual magnetization at room 
temperatures, respectively. Fig. 2 shows Ve 
the stereographic projection of the [100] Nimo N34 No [yj 1 0] 
orientations of the specimens. 


Fig. 2. Stereographic projection of 
the orientation of the specimens. 


§3. Experimental Method 


The Young’s modulus, Z, and its change 4E due to magnetization were 
determined by the resonance frequency of the forced longitudinal vibration, 
produced magnetostrictively, and applied to the specimen”, The magnetic 
properties were measured ballistically. The magnetic field was produced by 
a water-jacketed solenoid, 40cm in length, of the field constant of 59.5 Oe/A. 
The homogeneity of the magnetic field produced was within 2 per cent over 
the length of 20cm in the central position of the solenoid. 

For rods vibrating in the longitudinal mode this fundamental resonance 
frequency is given by the relation 


— 4 p[2f? =) | 3 
Eat (I (3) 


where / is the length of the rod, 7 the diameter of the rod, p its density, f 
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the fundamental resonance frequency and gp its Poisson ratio. Because the 
magnitude of the second term in the brackets of (3) is so small as the order 
of 10-5, the relation is reduced to 


E=4p Lf? (4) 


by neglecting it. This resonance frequency f is measured as a function of 
the externally applied magnetic field, H,x, and the value for the saturated 
magnetized state, fs, is determined in high fields, where the saturation is 
attained. Then, the change of Young’s modulus with respect to that for the 
saturated magnetized state can be estimated by the next formula, 


AE/E;=24f/fs (5) 


Practically, this change of the resonance frequency, 4f, .is measured as the 
change of the capacity of the variable condenser in the oscillator, illustrated 
below. Thus the following relation 


is finally used in order to compute the change of Young’s modulus, where Cs 
is the capacity of the variable condenser at the saturated state and 4C is 
its change. 

Fig. 3 shows the block diagram of the measuring system. The center of 
the specimen, that is, a node of the longitudinal vibration was clamped as 
weakly as possible on the knife edge supporter. Both ends of the specimen 


2-STAGE VACUUM TUBE 
C.R OSCILLATOR AMPLIFIRE VOLT METER 


OSCILLOGRAPH STANDARD SIGNAL 
RECEIVER 


D.C VOLTAGE 
STABILIZER 


Fig. 3. Block diagram of the measuring system 
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were inserted into a “driving coil” and a “detecting coil”, respectively, 
avoiding any contact with the coils, in order to prevent an obstruction 
against the measurement. They are illustrated by Fig. 4. The former coil 
was composed of a solenoid wound 500 times (B.S. #35), the length of which 
was lcm, and the latter was that wound 5000 times (B.S. #35), the length 
of which 2.5cm, on each of two glass tubes of 1cm in diameter, respectlvely. 


+ 


A, magnetizing solenoid; B, specimen (20cm in length); C, driving coil; 
D, knife edge supporter; E, detecting coil; F, brass tube base. 


Fig. 4. Mounting of the specimen. 


Then they were put in the magnetizing solenoid, as shown in Figs. 3 and 4. 
By alternating the magnetic field of the driving coil fed by an oscillator, 
the longitudinal vibration was excited in the specimen. 

The oscillator consisted of two parts, 6AG7—6AG7—6V6; a master oscil- 
lator, and one stage of power amplifier. The master oscillator was the 
modified Wien bridge type C-R circuit and was supplied by an electronically 
stabilized power source. A good wave form was obtained by this oscillator. 
The detailed circuit diagram is shown in Fig.5. The frequency of the oscillator 
was calibrated by comparison with the 1000 c/sec modulated wave of the JJY 
Frequency Standard (4 Mc/sec). 

When the specimen was vibrated magnetostrictively, the E.M.F. was 
induced in the detecting coil, then it was amplified and measured by a vacuum 
tube voltmeter. In Fig. 5 these circuits are also given in detail. The reading 
of a micro-ammeter (mA I in Fig. 5, the indicator of the vacuum tube volt- 
meter) increased steeply and showed a sharp maximum when the resonance 
point was reached. The capacitance of the oscillator was composed of two 
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Fig. 5. Connection diagram of the apparatus. 


variable condensers of different capacities connected in parallel (in order to 
perform fine adjustments), the total amount of the capacity being from 18 
to 394 pF. The resonance point could be easily determined to one tenth of 
the scale division of the condenser (90 pF in full) connected in parallel, hence 
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to about 1/4000 of the total capasity. An example of the resonance curve is 
shown in Fig. 6. 


IN (MA) 


DETECTOR READING 


SCALE OF CONDENCER 


Fig. 6. An example of the resonance curve. 


When such a dynamic method of magnetostrictive vibration was used, it 
was very necessary that the amplitude of the driving field current should 
be taken as small as possible. In our measurements this current was limited 
to 50 wA, therefore, the high frequency magnetizing field produced by the 
current was only about 0.03 Oe in maximum. It was the most important 
progress on the experimental procedure that by such a small field 4£ effect 


could be investigated. 
All the measurements were performed at the same temperature, about 18°C. 


§4. Experimental Results 


Measurements of the change of Young’s modulus were carried out at 
several points on the descending hysteresis curve usually, at room temperature. 
Fig. 7 shows the change of Young’s modulus relative to that for the saturated 
state, JE/Es, as a function of the magnetic field, Heyy. Here only those of 
three crystals, with principal axes, a tetragonal crystal No. 3, a diagonal 
crystal No. 2 and a trigonal crystal No. 1, and a polycrystal are shown. 
About these experimental values and those of other crystals, not shown in 
this figure, Tables 3 to 11 should be referred. It is noted that very remarkable 
anisotropy is observed. As shown there, Young’s modulus of a trigonal 
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Here (04) 


Fig. 7. Relative change of Young’s modulus AE/Es, as a function 
of the magnetic field, H, in nickel crystals. 


crystal, with the direction of the easiest magnetization increases quickly at 
low fields, but the rate of increase gradually diminishes as the field increases 
and finally saturates. On the other hand, in crystals with the direction of 
more difficult magnetization Young’s modulus increases at first, has a “plateau” 
in the following stage, especially showing even a decrease in [100], and 
increases again quickly just before the saturation. 

In Fig. 8 and Fig. 9 the relative change of Young’s modulus is shown as 
a function of the reduced magnetization, that is, the ratio of the intensity 
of magnetization, J, to the saturation magnetization, Js, and is tabulated in 
Tables 3 to 11, too. Generally, Young’s modulus increases gradually with the 
increase of magnetization, but after the magnetization exceeds the residual 
point, which is indicated in the figures, the rate of increase once diminishes 
remarkably, even showing a decrease in [100], and then increases again very 
abruptly to the saturation. Corresponding to the field dependency, in the 
trigonal crystal these anomaly are not seen. 


ee 
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Fig. 8. Relative change of Young’s modulus, AE/Es, as a function of the reduced 


magnetization, I/Ts, in nickel crystals, with the principal orientations. 


as a function of the reduced 


magnetization, I/Is, in nickel crystals, without the principal orientations. 


Fig. 9. Relative change of Young’s modulus, AE/Es, 


Tabie 5. No 3. 


H I/Is AE/Es 
~(Oe)- (%) 
411.8 1.000 | 0.00 
387.8 0.999 | 0.08 
364.8 0.998 | 0.14 
340.8 0.997 | 0.24 
316.9 0.995 | 0.44 
293.4 0.992 | 0.75 
269.9 0.990 | 1.26 
245.9 0.985 | 2.17 
233.9 0.982 | 2.68 
221.9 0.978 | 3.09 
209.9 0.973 | 3.44 
197.9 0.965 | 3.70 
186.0 0.955 | 3.80 
162.6 0.931 | 3.90 
139.1 0.901 | 3.90 
115.4 0.865 | 3.80 
91.8 0.827 | 38.60 
68.2 0.780 | 3.29 
44.6 0.726 | $8.09 
32.8 0.696 | 3.09 
Stet 0.662 | 3.15 
15.2 0.€39 | 3.39 
9.34|- 0.617 | 3.76 
6.43 | 0.602} 4.31 
3.53 | 0.588} 56.37 
2.39 | 0.570 | 5.94 
1.29! 0.550 | 6.95 
O25 | OE 32 
- 0.64 | 0.441 | 9.50 
("0.8 9590 
- 0.92] 0.000 | 9.90 

Table 8. N 14a 

H YL NWhEPE. 
(Oe) (%) 
305.4 1.000 | 0.00 
281.4 0.999 | 0.00 
234.5 0.998 | 1.54 
210.5 0.995 | 2.80 
198.5 0.992 | 3.16 
186.5 0.987 | 3.30 
175.0 0.979 | 3.40 
163.1 0.966 | 3.40 
139.5 0.933 | 3.48 
115.8 0.898 | 3.48 
92.2 0.856 | 3.40 
68.5 0.811 | 3.24 
44.9 0.757 | 3.10 
Soi 0.728 | 3.10 
213 0.695 | 3.02 
15.5 0.668 | 3.10 
9.59 | 0.646} 3.16 
6.67 | 0.636} 3.40 
8.73 | 0.624] 3.90 
2.56 | 0.617) 4.26 
1.40 | 0.609] 4.86 
0.12 | 0.595 | 6.32 
- 0.43 | 0.462] 7.66 
- 0.49! 0.308} 8.30 
= 0;581» 0, 1393: 1 8:56 
- 0.54] 0.000] 8.56 
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Experimental values of the AE effect in various nickel crystals. 
Table 3. No. 1 Table 4. No. 2 
A Wis | AE/E, H I/Is | AE/Es 
(Oe) (%) _ (Oe) | (%) 
78.5 1.000 0. 00 191.6 1.000 0. 00 
66.5 0.999 0.02 174.1 0. 999 0.09 
54.6 0. 998 0. 14 162, 1 0.998 0. 27 
42.7 0.997 0. 24 150.1 0.997 | 0.57 
30.8 0.996 | 0.43 138. 4 0. 996 | 1.09 
24.8 0.995 | 0.53 126.6 0.994 | 2.08 
18.9 0. 993 0.65 114.7 0. 989 2.62 
1330 0. 987 0.84 LOZS7 0.981 | 2.89 
10.0 0. 983 1.06 90.9 0.973 | 2.98 
Tale 05976 anes 67.3 0.945 Se 
4.36 | 0.952 1. 66 43. 6 0.911 3.16 
2560 | 0.926 |" 2:05 31.8 0.890 | 3.16 
1357 OP 94st 2265 20.0 0.865 | 3.16 
1.11 0. 865 2. 94 14.1 0.850 | 3.34 
0.72)| 0:824 ; 3.26 8.27 | 0.830 | 3.70 
0. 36 0.775 3.64 5. 92 0.818 4,04 
0.13 | 0.702 | 4.05 4.20 0. 806 4.31 
- 0.04| 0.616 | 4,44 2.49 | 0.790} 4.73 
- 0.25] 0.537} 4.82 Teoh Onc AE Osan 
- 0.33 | 0.432 5.18 0.40 | 0.724 6. 83 
- 0.37 | 0.819 | 5.60 - 0.14 | 0.577 7258 
- 0.42 0. 208 5.98 - 0.19 0. 453 7.95 
- 0.44] 0.090 | 6.05 - 0.21 0.185 | 8.20 
- 0.48 | 0.000 6. 05 - 0.24] 0.000} 8.20 
Table 6. N 12a Table 7. N 13a 
H I/I; | AE/Es vee Teo NN E/ Bs 
(Oe) (%) (Oe) : (%) 
263.1 1.000 | 0.00 263.3 1.000 | 0.00 
233.6 0.999 | 0.16 283.8 0.999 | 0.18 
209.6 0.998 | 0.65 209.8 0. 998 . a 
185.8 0. 997 . 89 
ie pees baie TASS 0.935 1.41 
174.1 0.995 | 2.12 
162.3 0.994 | 2.14 
162.1 0.993 | 2.39 
: 150.3 0.990 | 2.51 
LOR Eee Os OBS.) 12245 138.6 | 0.988 | 2.70 
126.6 0.962 | 2.53 126.8 0.975 | 2.70 
102.9 0.925 2.45 114.9 0.965 | 2.70 
79.4 0.877 | 2.45 91.2 0.939 | 2.76 
55,8 0.826 | 2.39 67.5 0. cae iss 
32.3 | 6.760 | 2.21 43.9 | 0,880 | 2. 
20.6 0.723 _ 21 32.0 0.862 | 2.70 
, : 20.3 0.834 | 2.85 
14.7 0.702 | 2.29 
nl Leas} 0.795 | 3.18 
8.89 | 0.678 | 2.55 5.68 | 0.767 | 38.19 
5.98 | 0.664] 2.61 2.79 | 0.746'| 3.74 
3.09 | 0.646] 3.11 1.66 | 0.732| 4.08 
1.94 | 0.687 | 3.59 0.59} 0.702] 4.87 
0.80 | 0.625 | 4.41 - 0.23 | 0.616 | 5.73 
~ 0.21 | 0.585 | 5.95 - 0.87 0.369 | 6.15 
- 0.30] 0.337] 6.99 0.44! 0.243] 6.50 
- 0.49} 0.109} 7.45 on 4 ‘ 
0521 0.0001 7.45 0.48 | 0.114] 6.58 
ay: : . - 0.58 | 0.000} 6.58 


tae eis 
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Experimental values of the AE effect in various nickel crystals. 


Table 9. N 15 Table 10. N 17b Table 11. Polycrystal 


H I/I; | AE/E; H I/I; | SE/E H I/T, | AE/E 
(Oe) (%) Neca rea TY (ec) a cs 
442.3 1.000 | 0.00 412.3 1.000 | 0.00 324. 9 1.000 0.00. 
412.3 0.998 0.10 388.3 0.999 0.11 995. 4 0.999 0.16 
388.3 0.996 | 0.24 361.3 0.998 | 0.19 971.9 0.998 0.31 
365.3 0.995 | 0.34 341.3 | 0.997| 0.43 Se B57 047 
341.3 0.992 0.54 317.3 0. 996 1.03 993, 9 0. 996 0. 72 
317.4 0.990 | 0.94 293.8 0.995 | 2.07 i: : 
2938.9 0. 988 1.54 275.3 0.994 | 2.77 199.4 0°994 1.00 
wei | Gor ge BS | ome) Se UBT) Bas] La 

: 0.977 | 3.24 234.4 | 0.987| 3.638 ; 

234.4 0.970 | 3.84 2104 | 0.977 | 3.74 129,90 7" 0078 2.19 
210.5 0.955 | 3.94 175.0 0.945 | 3.74 105.0 | 0.967] 2.68 
He : 0 a 4 i 139.5 0.395 | 3.63 81.3 | 0.950 | 3.12 
a 103.9 | 0.840 | 3.56 57.6 | 0.926 | 3.25 
iy lai, Sua 80.3 | 0.795 | 3.35 pi Re Lie ames! 
Beis tora ai 74 56.7 | 0.748 | 3.14 33.8 | 0.892 | 3.46 
33.2 0.686 | 3°64 Boul 0.696 | 2.93 as ‘ 0. a 3. 56 
21.4 | 0.651! 3.64 21.3 | 0.665) 2.88 や ied ae 
15.5 | 0.634] 3,64 Ty. | 0.646} «2.08 

96 0.61 84 9.59 0. 624 2.99 OZ 0. 832 3.93 

64 rN tec 

6.71 | 0.602 | 3.94 6.67 | 0.610 | 3.14 7.21 | 0,820 4.21 

4.28| 0.796 | 5.06 

3.78 0. 587 4.68 SalD 0.595 8573 : Y : 

2.61 | 0.582 | 5.04 258! 0.590 | 4.42 3.12 |- 0.783 345 

0.88 | 0.544)! 7.93 0.29 |, 0.566 | 6.50 0.87 | 0.720 7. 87 
= 0.45 | 0.445] 9.20 - 0.44] 0.440 | 8.50 - 0.07 | 0.600; 10.4 
- 0,55 | 0.149] 9.73 -~ 0.73 | 0.196] 8.75 - 0.88 | 0.180] 13.1 
~ 0.66 | 0.000| 9.73 - 0.83 | 0.000 | 8.75 - 0,48-| 0,000 | 13.1 


§5. Elastic Constants 


At the same time, Young’s moduli at magnetically saturated states, Es, 
and at unmagnetized state, Eo, were computed by using values for frequency, 
fs and fo, corresponding to each state, and the length of the specimen as well 
as its density. They are given in Table 12. 

According to the theory of elasticity, in cubic crystals such as nickel 1/E, 
the reciprocal of Young’s modulus, and «, compressibility are expressed by 
the following relations: 


W/E = Su—2( Sn—Su— SH) (68 8+ 63 624-62 AD (7) 


and 
K = 30S, 4+2 S12) ,, (8) 


where Si}, Siz and Sy4 are the elastic constants in Voigt’s notation, and (1, 
2 and 3 are direction cosines of the rod axis of the specimen with respect 
to the crystallographic tetragonal axes. Thus we tabulate values of 1/Es and 
1/E, of various crystals in Table 12 and show 1/Es as a function of 3/7’ in 
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Table 12. Observed values of Young’s modulus in nickel crystals. 
E; and E, denote Young’s modulus at the magnetically saturated 
state and at the unmagnetized state, respectively. /’ (=$385+ 587+ 8782 
is the orientation function. 


RP Direction* peal Es Eo | ie Ve 
number (dyne/cm2) | (dyne/cm2) | (cm2/dyne) | (cm2/dyne) 
i eg ae 12 12 =12 =12 
x10 x10 x10 x10 
No 1 [111] 0.9870 2.91 2.73 0. 344 0. 366 
No 2 [110] 0.7029 | 2.42 2.22 0. 412 0. 450 
No. 3 [100] 0. 0010 wes 1.20 0. 747 0. 833 
N 12a [411] 0. 3996 1.75 1. 62 0.573 0.616 
N 13a [210] 0.5150 2.18 2.04 0. 458 0. 490 
N 14a [511] 0. 2287 1.50 1.37 0. 665 0.730 
N 15 [100] 0.0244 1. 40 1.26 0.716 0.794 
N 17b [100] 0. 0384 | 1.36 1.24 0.734 0. 805 
Poly | 2.34 2.02 0. 427 0.495 
* See Fig. 2. 
0.8 
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Tie eo Ree ) 


Fig. 10. The reciprocal of Young’ modulus, 1/Es, at the saturated state as 
a function of the orientation function, 3/’, in nickel crystals. 


Fig. 10, where (= 83 83+-83 624-4? 83) is the orientation function. Here Si 
three times of the orientation function, is taken by usage. As expected from 
(7) it is noted that these measured points are placed on a straight line 
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approximately. Substituting the values of 1/E; into (7), we obtain values of 
Sy and Sy — Siz— SH, 

Further estimation for Sj. and S44, we intend to use the measured values 
of compressiblity for polycrystalline nickel). In any metal, without distinction 
of the crystal lattice, the compressibility should be the same for a single 
crystal as for a polycrystal, since the compresslbility of a single crystal does 
not depend upon the orientation. It may be reasonable if the effect of erain 
boundaries in the polycrystal is negligible and for some metals it has been 
testified. The most reliable experimental isothermal compressibility of poly- 
crystalline nickel as determined by Bridgman’ and modified by Slater is 
the following value: 


k = 0.535 x 10-12 cm2/dyne. 


Substituting this valve into (8), we can obtain Sj and further Sy. The 
results obtained are 
Sir= 0.733 10-12 cm2/dyne, 
S12 =—0.28 x 10712 cm2/dyne, (Saturated state) 
Sy4= 0.814 10-2 cm2/dyne, (9) 
for nickel at the saturated state. The moduli of elasticity, C,;, calculated 
by S;; for nickel at the saturated state are given, too: 


Cy = = 2.539 x 1012 dyne/cm2, 


C= 1.54, 10!2 dyne/cm2, (Saturated state) 
(Gu = 1.233 x 1012 dyne/cm2. (10) 
Further, the elastic anisotropy factor A is obtained by 
Saturated state 
A = 2.Cu/(Cu—Ci)=2.50 a i 


At the unmagnetized state, too, these values are computed by the same 
procedure as above. These are given as follows: 


Sy = 0.823 10-12 cm2/dyne, 

S12 =—0.32; x 10-12 cm2/dyne, 

Su = 0.872x10-12 cm2/dyne, (Unmagnetized state) 
Cy = 2.46 x10 dyne/cm?, (12) 
C= 1.58 x10" dyne/cm?, 

Cus 1.14;x10!2 dyne/cm?2, 

and 
A = 2.62 


It should be stressed the fluctuations of the measured values of 1/Eo 
from the straight line in the 1/Z) vs J’ curve are larger than that of 1/Es, _ 
and considered in § 6. The values obtained, (10), (11) and (12) are summarized 
in Table 13, 
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§6. Discussion 
(A) Young’s modulus and the elastic constants. 


The elastic constants of nickel have been measured by several investiga- 
tors. The data reported are summarized in Table 13. Among them, the data 
of Yamamoto2!), Honda and Shirakawa”, Shirakawa and Numakura? are for 


Table 13. Elastic constants (in 1012 dyne/cm2) of nickel crystals. 


Magnetically 
sat urated 


Cy | Cio | Cag | Cur | Cra | Cas 


Unmagnetized 
Remarks 


Investigators 


Phis-paper 2.53 | 1.55 | 1.24 | 2.46 | 1.58 | 1.14 | "10.kc magneto- 


strictive vibration. 


| 10 M i 
Bozorth et a1.0 | 2.68 | 1.58 | 1.23 | 2.50] 1.60 | 1.185 Suising method. 


(velocity measurement) 


» 0 |2.5241.538|1.28|2.52|1.54 | 1.229) ” 
nr 0 |2.523 1.566] 1.28 | 2.517] 1.574) 1.226 ” 
Neighbours%) | 2.526) 1.52 | 1.238 Since 


1.58 | 1.02 | *20. kc magneto- 


21) 
ene: 2.44 strictive vibration. 
nk cue 2.52 | 1.51 | 1.04 | *Static loading method. 


Shirakawa and *Static loading method 
Numakura®) eobyy 1: 28 1 O28 (calculated from S;;) 


* Observed Aina ot compressibility x=0.535 x 10-12cm2/dyne was used. 
unmagnetized only and the variety of values may be expected, as shown in 
the table, because Eo is sensitive to heat treatment and domain configuration. 
E, is, moreover, a function of the stress used. The larger to some extent 
the stress, the smaller E, is in general. The result of the static method 
shown in the table may be due to the larger stress used there. This should 
be also recognized in the results of the dynamic method. Therefore, it is 
necessary that a stress used should be as small as possible. It has already 
stated in §3 that our measurements were carried out by the very small stress. 

As already mentioned in §1, therefore, in ferromagnetics the value at 
the saturation, Es, is the normal Young’s modulus. So the values of Bozorth 
et al and Neighbours et al. should be compared directly with the present 
result and agree well with each other, in spite of a difference in the method 
of measurements. (Frequency used is about 10 kc by us and 10 Mc by Bozorth 
and others.) For reference, reliable values for unmagnetized in our investi- 
gation are given, too; it is interesting that the change of Cy is the most 
remarkable. Accuracy of the absolute of £ itself is worse than its relative 
change value 4E/E, of course, due to the difference of the measuring method ; 
but the variety of the values for unmagnetized state is remarkable over the 
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experimental error, particularly in the direction of NR 
(B) The change of Young’s modulus with magnetization, 

The forms of 4E/E; vs H curve and of 4E/Es; vs I curve are different 
according to their orientation. Some peculiarities, found out about them, are 
quite similar to those on iron crystals qualitatively, as already reported by 
Yamamoto, replacing [100] in iron to [111] in nickel. Namely, in nickel as 
well as iron the behavior of the specimen with a direction ot easy magneti- 
zation is almost like qualitatively, while with a direction of difficult magneti- 
zation it holds the same, too. But a consideration on this behavior, especially 
on unlike one, has not been carried on in detail. 

The essential feature of the phenomena could be explained by the magnetic 
domain theory by considering two processes of the mechanostriction; rotations 
of the domain magnetization vector and displacements of the magnetic domain 
boundaries due to the applied stress. Becker and Déring?, Déring!» and 
Takagi! and others have proposed the domain theory on the JE effect. 

As shown in Figs. 8 and 9, there are two stages of abrupt increase of 
the AE, near the residual point and just before the saturation. The latter, 
we consider, corresponds to the rotation process and, on the other hand, the 
former may correspond to the moving boundary process, as well. In this 
case the residual point may be a mark point which partitions both processes. 
Due to a mechanical vibration, however, the residual point may be affected 
and can not be decided as a point clearly in the experiment. Thus it is 
nothing but a marker, we suppose, near which the change due to the moving 
boundary process abruptly enlarges on the descending hysteresis curve. As 
a matter of fact, they are always found out near the middle point of the 
first increase of 4E in the 4E vs I curves, in Figs 8 and 9. 


Table 14. Values of relative change of Young’s modulus in nickel 
crystals. (AE/E,), and (AE/E;)o are the values at the residual 
point and unmagnetized state, respectively. /’ is the orientation 


function. f 
Specimen | Direction* | 31 | (AE/ FS, | (AE /Bs)r 
No. 1 c111] 0. 9870 6.1 2.0 
No. 2 £110] 0. 7029 8.2 on 
No. 3 £100] 0.0010 10.1 5.8 
N 12a £411] 0.3996 7.4 3.5 
N 18a £210] 0.5150 6.6 3.9 
N 14a £511] 0. 2287 8.6 4.5 
N 15 £100] 0.0244 9.8. 6.2 
N 17b_ [100] 0.0334 8.9 5.8 
Poly 13.2 5.2 


ee 


».* See: Fig..2 
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(AE/Es),, the values of AE/Es at the residual point, and (AE/Es)) are 
tabulated in Table 14 and shown in Fig. 11 as a function of the orientation 
function. The values are found to be a straight line, that is, a linear function 
of 3, as expected by the Déring’s theory?’®, but it is interesting that a 
remarkable deviation from the line has been found on the specimen with the 
direction of [110] and [210]. A consideration on this anomaly is now in 
progress and will be reported in future. 


{1 


0 Ql 02 03 04 as 06 ae 08 09 - 10 
2 208 
siete id 3( eR +B BBE ) 
Fig. 11. (AE/Es), and (AE/Es)p as a function of the orientation function. 
(C) Frequency dependency. 

According to Bozorth®, in his experiments at 10 Mc, the greatest change 
of Young’s modulus was only about 3 per cent, while in usual resonance 
experiment at 10 to 20 kc, adopted also in our experiment, the value has been 
observed by 16 to 20 percent at room temperature. He has suggested this 
considerable distinction occurs due to relaxation of the domain wall motion 
by micro-eddy-current damping at higher frequency. The decrease of 4E/E, 
and the equivalent increase of the logarithmic decrement due to eddy-current 
damping with frequency for a polycrystalline nickel are shown in Fig. 12 
after Bozorth®, The frequency used in our experiments is about 10 kc, where 
frequency dependencies of damping and AE/Es are very remarkable as shown 
in the figure. Therefore, the cause of the variation of experimental 4E/E 
value should be due to the variety of dimensions of the specimen, namely, 
the proper resonance frequency, and to the variety of domain size. In our 
experiment the unexpected result for a polycrystal, 4E of which is larger 
than that for single crystals, could be explained by the eddy-current shielding 
theory to some extent, The thinner the sample and the smaller the domain 
size, the larger the 4E effect should be observed. Whether the first abrupt 
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Fig. 12. Relative Change in YOung’s modulus and the decrement, as a 
function of frequency for a polycrystalline nickel. (After Bozorth.) 


increase near the residual point appears or not, therefore, is influenced by 
the eddy-current shielding due to higher resonance frequency, if the crystals 
were free from imperfection and strain. 


$7. Summary 


The nickel crystals of a slender cylindrical rod form were grown by the 
modified Bridgman’s method in a molybdenum wound resistance furance ina 
vacuum. (§2) Young’s modulus and its change with magnetization, the 
AE effect, of the nickel crystals were measured by the dynamical method of 
magnetostrictive vibration at room temperature. The method of measurement 
and the construction of the measuring apparatus is described in detail. (§ 3) 
The results obtained are the followings: 

(1) The normal value of Young’s modulus in ferromagnetics is Es, the 
value at the saturated magnetized state, where the magnetic domains are 
aligned all together and the additional magnetostrictive strain is negligiblly 
small. Actually, Es was determined uniquely in accordance with other investi- 
gators, while Ev, the E-value at the unmagnetized state, was not as expected. 
Thus we took always Es for a basic value and the customary measure of the 
magnitude of the 4£ effect was expressed as AE/E:, where 4E=E—E,. A 
conversion formula from the expression AE/Es to the ordinary expression 
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4' E/E, was given. (§1, § 5, §6) 

(2) Generally, Young’s modulus increased gradually with the increase 
of magnetization, but after the magnetization exceeded the residual point, 
the rate of increase once diminished remarkablly, even showing a decrease 
in [100], and then increased again very abruptly to the saturation. In [111] 
the change was simple and the first step disappeared. This behavior was 
quite similar to that of iron crystals qualitatively, as already reported by 
Yamamoto», replacing [100] in iron to [111] in nickel. It was suggested that 
the first increase to the residual point was due to the moving boundary 
process, while the latter increase to the saturation was due to the rotation 
process. (E/Es)r+, the value of 4E/£; at the residual point, was plotted as 
a function of the orientation function 3/°=3(82 83+3 BE BD, where [St 
82 and 83 where direction cosines of the rod axis of a specimen referring to 
the crystal axes, The curve was found to be a straight line, excepting the 
specimens, [110] and [210]. (§ 4, § 6) 

(3) The elastic constants of nickel crystals were determined by using 
the data of 1/E in the single crystal and reliable experimental data of 
compressibility in polycrystalline nickel. The results obtained were S,,;=0.738, 
S}2=—0.280 and S44=0.814 x 10-12 cm2/dyne at the saturated state. The moduli 
of elasticity were calculated to be C,,=2.539, Cy2=1.54g and C4y=1.233 x 1012 
dyne/cm? at the saturated state. These values were directly compared with 
those obtained by means of velocity measurement of a 10 Mc pulse, and they 
coincided well with each other, in spite of a difference in the experimental 
method—in our case, resonance frequency measurement in about 10 kc region 
was used. (§ 5, § 6) 

(4) Frequency dependence of Young’s modulus was discussed briefly. (§ 6) 


In conclusion, the authors wish to express their thanks to Prof. H. Takaki 
and the members of his laboratory of University of Kyoto who kindly gave 
advice and various conveniences in the preparation of nickel crystals, to Prof. 
M. Yamamoto of Tohoku University and to Mr. N. Miyata of our laboratory 
for the helpful discussion and advice. The present work was partly supported 
by the Scientific Research Expenditure from the Ministry of Education. 
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日 本 附近 に な ける 上 層 低 気圧 と 
WARE & OBIT 


On the Relations between High-Level Cyclones and 
Surface Cyclones near Japan 


te FF 次 夫 T. MASUI 


Abstract 


A high-level cyclone is formed from a pre-existing upper trough by cut- 
ting-off process, as examined by E. Palmén. The principal source region of the 
high-level cyclones which have any effect on the weather of Japan is Southeast 
Siberia or Northeast China except in the Baiu Season. Occasionally in the Baiu 
Season (June-July) the source region moves westward. In most cases, one or 
two surface.cyclones develop in front of the same trough at lower latitudes, 
namely on the Yellow Sea or the East China Sea. At first the high-level and 
surface cyclones situate apart. In general, high-level cyclones move towards the 
southeast, and surface cyclones towards the northeast. When they go on to 
the east of Japan, they gradually approach towards each other and mostly 
merge into a deep cyelone which makes its way to the North Pacific Ocean 
or the Sea of Okhotsk as an intense cyclone. The process to merging here 
is very complex; in this paper, therefore, the author has mainly investigated 
the tracks of cyclones, based on the data from 1951 to 1955, without dealing 
with the process in detail. 


iff 言 

日 本 附近 に や ける 低 気圧 に つい て は 既に 多く の 人 々 に より 論 ぜ られ , その 発生 及び 発 
達 の 過程 に 関し 大 部 分 の 場合 は 本. Bjerknes の 前 線 論 で 説明 され る る の こと 考 を られ て 
Feo Ld LARA OT DUGAN OME, 観測 網 の 整備 と 共に , 偏西風 trongh 
の 中 に 発生 する 上 悦 低 気圧 (high-level cyclone 或 は cold vortex また は cut-off 
low) が 強い 影響 を 持つ と と が 次 第 に 明らか に され て 来 た を 。 (WHT HKALE OM EL 
す も の は 上 層 の 深い trough で ある が , trough が 深い 場合 に は 概ね 上 層 低 気圧 を 件 
の で 本 六 で は 上 賠 低 気圧 を 以 て 代 実 させ た 。 従 つて 上 層 低 気圧 の 現れ て な い trough に 
関連 し て 地表 低 気圧 が 発達 する 場合 も ある 。) 

ABLE BRE Tx HFS SCE (下層 低 気圧 ) は 偏西風 trough (と の trough は 問題 の 上 
層 低 気圧 の trough より 一 つ 先 の も の の と と も ゃ も ある) の 前 面 の 発散 域 に 発生 する と と が 
よく 知ら ん れ て いる 。 し か し その 発生 域 に つい て は 地形 の 影 張 を うち ける と と が 大 きく , 
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BASE Ck fi Ba trough "が 西方 より 大 陸 東 岸 に 接近 し た を とき その 海上 に 発生 する 
と こと が 多い 。 即 ち 佐和 気圧 の 主要 発生 地 は 人 台 湾 附近 ( 代 雷 的 の も の は 「 合 湾 坊 主 」 と 呼ば 
ILS), 東 支 那 海 また は 黄海 附近 で ある が , 季節 さよ つ て は ( 皇 に 梅雨 期 ) それ 以西 の 中 
国 低 地 地 方 に 発生 する と と る 多い 。 

と これら の 低 気 圧 の 他 に 大 陸 内 部 (主として Baikal WIKI) に 現われ 南東 また は 東南 
東 に 進み 黄海 北部 また は 日 本 海 に 進行 し て 来る る の る 相当 た 多い が GH KEL 
と 呼ば れる ), こと の 低 気 圧 は 後に た 示す よう に 直接 上 層 低 気圧 に 関連 する と と が 多い 。 

RIC BAB BOM PE trough の 前 面 に 発生 し た 地震 低 気 圧 は 最初 は 東進 し , 次 
第 に その 方 向 を 変 を , 東北 東 か ら 北東 に た 向 つて 進行 する る も の が 大 部 分 で ある 。 し か し 地 
震 低 気圧 か ら 発達 し 単独 に 上 層 , (500 mb) まで の びる も の は 比較 的 に 少 い 。 多く の 低 
気圧 は 日 本 中 部 以 東 の 経 席 で 急速 記 発 達する が , と の 場合 大 きい 影響 を 持つ も ゃ の は 大 陣 
か ら 南 下 し じ し て きた 深い 上 層 低 気圧 で , 相互 の 径 路 の 接近 と 共に 両者 は 次 第 に 合流 し , FB 
の 高い 低 和 気圧 よ と し て 北東 進 す る こと 示 多 い 。 と この 点 に つい て は J. Bjcrknes UHEICI 
べ さて いる 。 そ の 際 の 地 雪 低 気圧 の 示 席 の 低下 は 急激 で , 時 と し て 50 mb 以上 に 達する 
TCLEMBHS. (FH 3 M) 

台風 の 進路 る 偏西風 trough と 深い 関係 が ある が , と こと に 述べ る 上 層 低 気圧 よ と は 直 
接 関 係 す る と こと が 少な ひので , と こと で は 問題 た し な いと と と する 。 

本 六 で は 主として 両者 の 径 路 の 関係 た つき 1951 年 春期 か ら 1955 年 終 サ ゆま で の , FH 
顕著 な 地震 低 和 気圧 を また は 直上 層 低 気圧 の 存在 し た 場合 を 調査 し た の で , 見 落し た 場合 も 
階 分 は ある と 過 う 。 辛 な 資料 は 中 央 気象 台 発 行 の 極東 天気 図 , RGR, Acrological 
Data 並び に 高層 天気 図 及 び 1952 年 末 ま で の Weather Bureau 発行 の Synoptic 
Weather Maps か が から と つた 。 


日 本 附近 に お ける 上 層 低 気圧 

mk A: 最近 約 十 年 間 中 国 に や け る 資料 が 入手 し 得 な い の で Asia 大 陸 東 部 に な 
OS ESE CRIME RE) OR AICO TAMIR VE CORSA, 北半球 高 
BRANSAD CHATS, その 成因 は な は, E. Palmén 及び その 他 の 人 < に より 論 ぜ ら 
れれ た を 北半球 の 他 の 地域 即ち 北米 大 陸 , 欧州 方 面 及び その 他 の 地 廊 に 発生 する る の と 大 差 
な く , 偏西風 波動 の 振 市 の 増大 に ょ り 主 流 か ら cut-off を され た 寒気 に よる も の と 考え 
bn, 東 本 に や ける も ゃ の る 構造 上 の 特 羅 性 は 少な いよ う で ある 。 し か し 東証 に あい て は 
発生 する 地域 は か な り 限 定 さ れ て いる よう に 思わ れる 。 

目 本 に 影響 を 与 を る 上 層 低 気圧 の 発生 地域 は 一 般 に 120°9E ELEM, He 
期 及 びそ の 前 後に い て の み 生 え 西 に 偏る と と が ある 。 即ち 大 部 分 は Baikal jE 
dB PRG (蒙古 , 北 支那 , 満 洲 ) の 地域 で , 時 と し て 光 海 州 附近 が その 発生 地 と 
な る 。 . 

第 革 図 た 示す る の は 日 本 海南 下 じ た も ゃ ので, その 径 路 は 第 10 図 た 示 じ て ある 。 

LECREOKAHDRMICH YO Chis ) RE SNCHSTEICOWTHRZ NST 
と は Himalaya WkE Gir Asia 大 陸 の 高地 た に ょ る 偏西風 波動 の 特異 性 で ある 。 TH 
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ら の 高地 は 地球 を と り ま く 大 きい jet stream の 位置 と か な り 限 定 し , その 東端 附近 だ 
大 きい trough を つく る と と が 多い た め と 過 わ れる 。 和寒 候 期 に や いて は subtropical 
jet stream の 主流 は Himalaya WWWkOMMIZ REL, 日 本 後 近 で 最 る 南 に 偏 す る と 
共に 最強 流 と な る 。 CO polar front jet stream る Siberia 中 部 か ら 中 国 北 東部 
を 径 て 南下 し 日 本 附近 た に 大 きい trough を つく る と と が 多い 。 勿論 これ は 平均 的 な 傾 
向 で は ある が が 低 気 圧 の 発生 地域 を 大 い に 支 配 す る 。 大陸 内 部 に や ける 偏西風 trough の 


東進 が 天気 図 上 で 認め られ る 場合 も 多い ト が 災 著 な 上 層 低 気圧 が 中 国 中 部 を 通過 し た 例 は - 


あま りな いよ う で ある 。 

梅雨 期 た や いて は 偏西風 の 風力 も 全体 と し て 弱まり 偏西風 trough の 位置 が 稽 々 西 偏 
する と と る ゃ 可能 と 思わ れる 。 し か し これら の 関係 た つい て は 資料 不足 の た あめ 確 定 的 な とこ 
と は 述べ られ な い 。 

発生 回 数 : 季節 的 な 特長 は 明瞭 た は 認め られ な い が 作 秋 に 生え 々 多く, 特に 日 本 の 北 
東方 に blocking high が 存在 する と き は 上 層 低 気圧 が 続発 する 傾向 が ある , FEO TH 
PHAIC る も 多い 。 a 

径 路 : 日 本 附近 に 南下 する 上 上 層 低 気圧 の 径 路 は 梅雨 期 及 びそ の 前 後 を 除き あま り 
季節 的 の 特長 は な い 。 径 路 は か な りり 頻繁 に 変化 する が , 一 径 路 を 一 つの 上 層 低 気圧 が 引 
続き 通過 する と と る ゃ 多い 。 最も る 南 まで 下る も の は 中 国 北東 部 か ら 日 本 中 部 を 横切り 太平 
洋 ま で 出る る の で , その 際 の 寒気 の 頂 は 圭 し くく 降下 し 下層 に 前 線 を 形成 する こと も あ 
So し か し と の よう な 場合 は 比較 的 に 少な い 。 日 本 の 北東 方 に 顕 革 な blocking high 
が 出現 する と き は その 南側 の 周辺 を 回 る 傾向 が 見 られ , 特に 梅 耳 期 に は 著しい 。 し か し 
梅 雨 期 た い て る 日 本 より 西方 の 径 路 は 不明 瞭 の 場合 が お 多く, 黄海 附近 また は 中 国 の 平 
地 地 方 た 南下 し その 後 黄海 , 日 本 海 を 東北 東 に 進む も の が 多い よう に 思わ れる 。 勿 論 権 
雨期 で も る 他 の 径 路 を と る る の る も 多い 。 

HEC EMILIO, 緯度 35°~50°N. 経度 130°~145°E の 地域 に 頂点 を 持 
DLOUBW, BH LOBE loop を 画 く と と も あり, また 一 度 南 下 し て 更に 太 
平 洋 に 入 つ て か ら 再 び 南 東 に 進 も の も ある 。 後者 の 場合 日 本 列島 に 洗い 上 明 気 の 移流 が 
BAsckBS\, loop を 画 く 場合 地表 低 気 圧 と の 関連 は 複雑 で ある が , 地震 低 気 圧 
自身 の 発達 は 著しく は な い 。 て 上層 低 気 圧 る 発達 し な いと と が 多い )。 日 本 の 北東 方 に 
blccking high が 出現 し た と き 上 層 低 気圧 が 東進 せま , その 西側 で 北進 し 消滅 する 場 
合 も ある 。 こ の 際 北 側 の 地 有 圭 低 気圧 も とれ に 附 階 し た 径 路 を 画 く 。 

地震 低 気圧 が 発達 し 易い 順 た 上層 低 和 気圧 の 径 路 を 分 類する と 大 体 次 の よう に な る 。 

C1) ( 漠 洲 北部 一 ) 沿海 州 一 北日本 一 北 太平 洋 (まだ は Okhotsk 海 )。 こ と の 場合 地 

RAR ARE AAC TIO) ELTHETST EMS, 
C2) PERCH Citi )—B AACA. & OSG % WHR RA EDREL Bo. 
(3) (中 国 北 部 ) 一 黄海 一 日 本 海 一 北日本 一 Okhotsk 海 ( ま た は 北 太平 洋 )。 HERTHA 
に 多く 現われ 地 圭 低 気 圧 は 格 々 発達 し た まま 東北 東 に 移動 する 。 そ れ 以 上 発達 する 
cTkltPuwe ; 
C4) 中 国 北 東部 一 日 本 海 西部 一 日 本 中 部 一 北 太 平 洋 。 Bato ts SEE CHS 
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気圧 が 発達 する こと が ある 。 
(5) 日 本 以 東 に 南下 し て くる 場合 。 数 は 少 ひ 。 こ と の 場合 は 日 本 の 天気 へ の 影響 は 苑 
MEE NM. 

(6) 種々 複雑 な 径 路 を 画 く 場合 。 

以上 の うぅ うち で ほ 甘 同一 径 路 を 引続き 二 つ 以 上 の 上 層 低 気圧 が 進行 し て いる と き は 対応 
する 地表 低 和 気圧 の 発生 及び 径 路 は 複雑 と な る 。 

進行 速度 : 進行 束 席 に 関し て は 明瞭 な 特長 は な い が 頂 点 附 近 で や や 低速 に な る 傾向 
を 示す る の も る ある 。 loop を 画 く 場合 は 特別 で 停 洋 状態 区 近い で 。 一 般 と た は 偏西風 の 速記 
に 支配 され る も の と 思わ れる 。 

上 層 低 気圧 の 予報 : こと の 問題 は 数 値 予報 の 立場 か らい くつ か の 例 に つい て 取扱 わ 
れ , よい 結果 が 得 ら れ て いる 。 し か し 地表 低 和 気圧 と よ の 関連 に つい て は 本 交 で 見 られ る よ 
ぅ に か なり 複 雑 で ある か ら 注 意 を 要する 。 

HAM O LARA E OPER « HRRICOV THAENIC EV THRASH, 別 の 機会 に 扱 
ぅ ぁ と と と する ろ 。 AUICHEVCKHEL LE CEORM ICOM THERE REL OMREHR 
Do 
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地雷 天気 図 か ら 見 る と 日 本 附近 の 地表 低 気 圧 は 大 体 次 の 三種 類 で て 分け られ る 。 
(1) 大 陸 東 部 の 偏西風 trongh の 前 面 で 発生 し , 最初 は 東進 し , 次 第 に 北東 記 向 き 
を か る て 行く も の 。 こ の 場合 は 急速 に 発達 する る ゃ の が 多い 。 FEOT HAALROVE 
上 で は 被害 が 多い 。 
(2) 大 陸 内 部 か ら 南 下 東 進 し 日 本 海 附 近 に 現われ 次 第 に 向き を か を て 北東 に 進む も 
Do (大 陸 旋 風 ) 
(3) 台風 また は 熟 帯 低 気 圧 。 
ao (3) は 上 層 低 気圧 と は 直接 の 関係 が 少 ひ の で 除外 する 。 最も 問題 と な る の は 
(1) で ある 。 (2) は 日 本 本 土 南 西部 で は あま り 関 係 な く 北 日 本 で 被 害 を 生ずる と と が あ 
る 。 
wb) ICBTS VOREHE UCHBMI OM LS IER CRAY に 発 
生地 る が 南 支 那 海 で 発生 する と と も あり , 北 で は 黄海 に も 発生 する 。 発生 する 場合 は , 
Fi LIC ATE trough が あり 地表 附近 に は 明暗 な 不 連 続 線 が ある 場合 が 多い 。 発 
生後 の 発達 に は 海面 上 の 多量 の 水 蒸 気 が 影 響 す る 。 CL) に 属す る 低 気 圧 の うち で 発生 地 
域 が 偏西風 中 の 南北 ヵ所 に あり , 両者 殆 ん ど 同 時 に 発生 し 日 本 本 土 を は さん で 東北 東 
に 進む る の は 「 二 つ 玉 」 と 呼ば れ 降 水量 が 多く 日 本 の 天気 に 大 きい 影響 を 生え る 。 こ 私 
ら が 北東 に 進ん だ 場合 発達 し た 上 層 低 気圧 と 合流 し 急 選 発達 する と と が 多い 。 時 と し て 
日 本 海 側 の る の の み 上 層 低 気圧 と 合流 し , 太平 洋 側 の も の は 単独 に 上 周 迄 発達 する と と 
も ある が , こと の 場合 に は 日 本 北東 方 に 急激 に 強い blocking high が 出現 し て いる と と 
が 多い 。 
PoE) 」 と し て で は な く 日 本 海 に 大 陸 旋 風 が あり , 太平 洋 側 に 地表 低 気圧 が 北東 に 
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進行 し て 合流 する 場合 も ある 。 ま た こと の 場合 地表 低 気 圧 が 日 本 海 側 の み の と と も ある 。 
と 履 ら の 地表 低 和 気圧 の 発達 は 上 層 低 気圧 の 発達 と 関連 する と と は 勿論 で ある 。 

地 雪 低 気圧 の 示 度 の 低下 は 極端 な 場合 は 50 mb 以上 に 達する が 大 部 分 は 20mb 前 
後 で ある 。 形 の 上 で は 同様 な 径 路 を と つて る も , ERED T St & HR ERME 
る 発達 し な いと こと も ゃ あり, また 地表 低 和 気圧 だ け で か な り 発 達する 場合 も ある 。 

(2) の 場合 は 一 般 に 地表 低 気 圧 と し て は あま うり 強力 で な い 場 合 が 多く 了 閉塞 型 の 低 気 
圧 と し じ て 現 れる 。 日 本 南部 の 天気 didiith talabnat achicha baatailas deste ks 
に 入る こと こと が 多い 。( 不 連続 線 だ け は 通過 する 場合 が ある )。 

と の 低 気圧 と 上 層 低 気圧 と の 関係 は 密接 で し ろ 地 表 低 気圧 は 上 層 低 気圧 に 附 階 する 
る の と 考 を て よい 。 こ と の 低 気圧 に つい て は 既に E. Palmén 示 論 じ て い る 。 

上 層 低 気圧 が 主導 する 場合 に は 地 宏 低 気圧 が 陸地 を 「 ま た ぐ 」 と いう 現象 が よく 見 ら 
1135 EPS WAL 7clk AAEM) SIDE CHEEK ELT OBECKAIC RBA 
する と 共に その 東側 に 新た 発生 し 発達 し な が ら 東 進 す る 。 

GQ) & (2) と が 単独 で な く 複 合 の 形 で 発生 する と と る も 勿論 多 ト 。 また 一 つの 上 層 虐 


気圧 が 通過 する と き 幾 通り か の 地 雲 低 気圧 が 発生 し それ ぞ れ 東進 する 場合 も ある が , こと 、 


の ょ うな 場合 地雷 低 気 圧 の 発達 は 苦し く は な い の が 普通 で ある 。 また 上 層 低 気圧 が 現れ 
て る 地震 低 気圧 が 発生 し に くい 場合 も ある 。 


地表 低 気 圧 と 上 層 低 気圧 と が 密接 に 関連 する 場合 の 例 


・(1). 地震 低 気 圧 「 二 つ 玉 」 で , 上 層 低 気圧 が 満 洲 か ら 日 本 海 に 南下 東進 し た 場合 。 
1953 年 3 月 25 H~29 日 に 現れ れ た も の 。 第 2 図 に 示す よう に 日 本 海 を 東進 し た 地表 
佐 気 圧 の 方 が 先 に 発達 し た が 後に 太平 洋 側 の も ゃ の に 合併 し 更に 上 層 低 気圧 と 合流 , 27 日 
15 時 た に は 982 mb まで 示 度 が 漆 ま つた 。 そ の 後 は 次 第 に 衰 避 し て いる 。 

第 3 図 に 示す よう に 1955 年 2 月 20 日 ~22 日 に 現れ た る の で は 上 層 低 気圧 は 最初 
三 つ に 分 れ て いた が 日 本 海 北 部 で 合併 し 大 き な も ゃ もの と な つて いる 。 進路 は 宗谷 海峡 か ら 
Okhotsk 海 に 向 つ て いる 。 地 雪 低 気圧 は 日 本 海 側 の も の が 発達 し 太平 洋 側 の る も の を 吸 
収 し 上 層 低 気圧 と 合流 し て か ら 示 度 は 950 mb ( 示 度 の 低下 56 mb) まで 下 つ て いる ろ る 。 
全般 の 状 勢 は 次 の (2) の 場合 に 近い 。 と れ だ け の 発達 は 珍し い 。 

(2) 地震 低 気 圧 が 東 支 那 海 か ら 日 本 海 を 北東 進 し ,, 洗 海 州 か ら 南 東 に 進ん で きた 上 
層 低 気圧 と 合流 し 優 速 応 発 達し た 場合 。 第 4 図 に 示す よう に 1954 年 5 月 9 日 ~11 
日 に 現れ た も ゃ の で は 地表 低 気 圧 の 示 度 の 降下 は 約 48 mb に 達し 北海 道 方 面 に 大 きい 被 
害 を 生じ た 。 と の 場合 , 上 周 低 気圧 の 発達 は 数 値 予報 の 好例 と し て 発表 され て いる 。 

(3) 大陸 旋 風 の 例 。 第 5 図 に 示し た も の は 1952 年 4 月 17 日 ~20 日 に 現れ , 
地震 多気 圧 が 先行 AE OE EE ER SEE RR EE 
ay その 傾き が 間 題 と な ろう 。 

(4) 梅雨 期 の 例 。 第 6 図 。 期間 1953 年 5 月 28 日 ~31 日 。 ea 
降下 は あま り 急 で は な い 。 と は 季節 特有 の 性 質 で ある 。 第 7 Mit, 1954 年 6 HS 
H~8 旦 に 現れ た も の で 地震 低 気 圧 の 径 路 は 稽 々 蛋 雑 で ある 。 6 日 以前 の 上 層 低 気圧 の 
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動向 は な 明らか で な い 。 

(5) 上層 低 気 圧 が 日 本 本 土 中 部 まで 南下 し た 場合 。 第 8 Ma Kot b ik 1952 年 
3 月 22 日 ~28 日 に 出現 し た る ゃ ので, a は 上 層 低 気圧 の 径 路 , b は 地 実 低 和 気圧 の 径 路 
を 示す 。 上層 低 気圧 2 個 が 前 後 し て 進み , 日 本 北東 方 海上 に 出 て か ら 前 の も の は 北 北 西 
に 回 つて 消滅 , 後 の も の の み 発 達し な が ら 北 東 に 進ん で いる 。 と れれ に 件 い 地 表 低 気圧 の 
動き る 複雑 で ある 。 後 の 上 層 低 気圧 が 日 本 本 土 を 横断 し た 際 太 平 洋 岸 た 急 に 地表 低 気 圧 
が 出現 し 北東 に 進行 し 次 第 た 発達 (970mb まで ) し て いる 。 最低 圏 界面 高度 500 mb 
(3 24612 XF), 

第 9 図 は 1955 年 12 A 24 日 ~28 日 に 現れ た も ゃ の で ある が 上 上層 低 気圧 は 太平 洋 に 
Heth bab EUR L TMS. 

(6) 下層 低 和 気圧 が 複雑 な 径 路 を 画 い た 場合 。 第 10 図 . 期間 1952 年 3 月 9 日 ~ 
12 日 。 上 層 低 気圧 が が 北 朝鮮 東部 で 一 庶 loop を 画 く 。 と 選任 ぅ 地 圭 低 気 圧 の 動向 は 
複雑 で ある 。 

第 11 図 。 期間 1952 年 6 月 3 日 ~8 日 。 これ ら 両 者 共 低 気圧 の 強い 発達 は な い 。 

第 12 So HAR 1954 年 11 月 27 日 12 月 3_ 日 。 上 上層 低 気圧 示 二 諾 に 南下 し 昌 本 
の 東南 東 太 平 洋上 で 停 溢 し た 。 し か し 停 潤 期間 中 の 上 層 低 気圧 の 動向 に つい て は 資料 不 
足 の た め 図 示し 得 な い 。 こ と の 場合 , 上 層 低 気圧 の 後面 に 挑 い て 日 本 列島 に 浴 う 南西 風 の 
移流 が か な り 強い 。 

第 12 図 。 期間 1954 年 7 月 13 日 ~21 日 。 一 席 北東 た 進ん だ 上 層 低 気圧 が 再び 南 
FARICHEA CER Leo COBRA MD Bie EDEMA L CH CVS 0 
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8, 上 層 低 気圧 に 着目 する と 憶 雑 な 地表 低 気 圧 の 動向 が 比較 的 容易 に 予想 し 得る 場合 
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次 第 で ある 。 
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第 2 SM 低 気圧 径 路 1953 年 3 月 25 日 ~28 日 
〇 上層 低 気 圧 = 上 層 低 気圧 径 路 
e 地表 低 気 圧 一 HRS ERS 
上 層 低 気圧 の 位置 は 500 mb 天気 図 に だ ける 中 心 の 位置 で ある 。 以 下 同じ 。 
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第 6 図 RARE RK 1953 年 5 月 28 日 31 日 
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第 7 図 低 気 圧 径 路 1954 年 6 月 5 日 ~8 日 
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第 8 Ma 上 層 低 気圧 径 路 1952 43 A 23 日 28 日 
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